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FOREWORD

The important role that the nutritional status exerts in
determining the course of life from birth to death in the human
being and especially its impact in disease states is only par~-
tially appreciated at this time. Nutritional deficiencies are
usually considered to be major problems only in under-privileged
or developing populations, except for those occurring in specific
diseases. This attitude is incorrect as indicated by reports of
Bestrian et al (1974, 1976) and Merritt and Suskin (1979) and
others who found evidence of nutritional depletion in as much as
50% of the patients in varied groups of hospitalized patients in
the United States., Other studies, some of which are included in
this book, emphasized the existence of deficiencies of certain
specific nutrients.

Despite evidence of nutritional deficiencies occurring more
frequently than previously appreciated, there is no well established
protocol of laboratory studies that the clinical chemist or
scientist should provide to help the physician detect lack of
essential nutrients before extensive and possibly irreparable
damage has occurred to the individual patient.

Considerable research data are needed to determine the best
biologic material (i.e., erythrocytes, leucocytes, plasma, serum,
urine, cerebrospinal fluid, lymph) for analysis to determine
accurately at an early stage metabolic deficiencies due to a
specific nutritional element. Improved techniques for analysis of
key metabolites and nutrients are available in the research labora-
tory and many of them can be adapted to the clinical laboratory.

Need for accurate nutritional evaluation of the individual
patient has been greatly escalated in recent years. For example,
patients can be maintained for many years on hemodialysis programs,
for weeks or months by parenteral nutrition and on other programs
where adequacy of nutrition either due to inadequate absorption or
excessive metabolic waste may occur. Wisely selected laboratory
studies could be an aid to the physician in determining the type
and adequacy of the nutritional program of these difficult cases.
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viii FOREWORD

The scientific program of the third national meeting of the
National Academy of Clinical Biochemistry was devoted to a symposium
on Nutritional Elements in Clinical Biochemistry. Seven of these
speakers (D. Hill, J. Jones, H. Naito, P. Tocci, A. Dubin, R.
Shamberger and L. Lewis) expanded their symposium presentations,
and other authors kindly agreed to contribute greater breadth of
nutritional information.

It is hoped that the monograph, the first produced undexr NACB
auspices, will serve as a basic reference for current nutritional
knowledge in clinical biochemistry, and will help catalyze the
much needed research in nutritional assessment methodologies and
especially in the evaluation of alterations in nutritional status
secondary (or primary) to disease states and/or to their therapies.

Marge A. Brewster
Herbert K. Naito,

Co-Editors

Bistrian, B. R., Blackburn, G. L., Hallowell, E., Heddle, R.,
1974, Protein status of general surgical patients, J. Am.
Med. Assoc., 230:858.

Bistrian, B. R., Blackburn, G. L., Vitalle, J., Cochran, D.,
Naylor, J., 1976, Prevalence of malnutrition in general
medical patients, J. Am. Med. Assoc. 235:1567.

Merritt, R. J., and Suskind, R. M., 1979, Nutritional survey of
hospitalized pediatric patients, Am. J. Clin. Nutr., 32:1320.
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CLINICAL CORRELATES IN NUTRITIONAL DISEASE

Donald E. Hill, M.D.

Professor of Pediatrics and Physiology, University of
Arkansas for Medical Sciences, Little Rock, Arkansas

INTRODUCTION

Many of the nutritional disorders of infants and children
such as rickets, scurvey, marasmus and kwashiorkor have been
recognized by their clinical and laboratory findings. Less well
appreciated are the abnormalities in growth due to major disturb-
ances in macronutrient intake, absorption and/or utilization that
result in failure-to-thrive at one end of the spectrum or obesity
at the other end. The origins of these growth abnormalities re-
lated to nutrition are frequently manifest in-utero or in infancy
and may be corrected by appropriate diagnosis and intervention.
The purpose of this article is to highlight some clinical examples
of failure-~to-thrive and to contrast these with excessive growth
and obesity.

FETAL GROWTH

Factors that regulate fetal growth can be divided initially
into genetic and environmental influences. The genetic influence
can be examined by estimates of the effect on birth weight vari-
ance. Karn and Penrose (1951) have reported as much as 407% of the
variance due to the genetic effect with approximately one-half due
to the maternal genotype and one-half due to the fetal genotype.
The paternal influences are mediated through the fetal autosomal
genes and sex of the infant. Another approach that provides an
index of genetic influence is to examine populations of infants
with chromosome anomalies. Both autosomal anomalies and some sex
chromosome anomalies result in a lower average birth weight than
in controls (Table I). Polani (1974) emphasizes the strong in-
fluence of the X chromosome and the mild influence of the Y
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Table I. Mean Birth Weights for Chromosomal Disorders

Triploidy 2.1 kg (36 weeks gestation)
Trisomy 18 syndrome 2,26 kg
Trisomy 13 syndrome 2.6 kg
5p - syndrome 2.66 kg
18q - syndrome 2.86 kg
19p - syndrome 2.87 kg
X0 Turner syndrome 2.9 kg
Down's syndrome 3.06 kg
XXY syndrome 3.15 kg
XYY syndrome 3.36 kg

(Data from Polani, 1974)

chromosome on fetal growth. The absence of an X chromosome may
reduce the birth weight by as much as 500 grams or, if an extra X
chromosome is present, the birth weight may be increased by up to
300 grams.

The remaining 60% of the variance in birth weight can be
accounted for by the environment in which the fetus grows. Further
subdivided; maternal size, prepregnant weight, weight gain during
pregnancy, age, parity, and general health may account for 20-30%
of this variance (Elliot and Knight, 1974). We are left with
approximately 30% of the variance in birth weight due to unknown
factors in any one pregnancy. Some of the external influences,
such as smoking, alcohol, other drugs, infection, and severe under-
nutrition, may be recognized in a specific instance as the major
etiologic agent producing significant fetal growth retardation.

Vascular Factors

If one attempts to classify the causes of fetal growth re-
tardation, it 1s evident that the majority of known causes are
related to vascular disorders in the mother (Table II) (Elliot and
Knight, 1974). The emphasis on etiology has not promoted extensive
investigation of the mechanism involved in reducing fetal growth.
One obvious need is to examine carefully the vascular supply to the
fetus since most of the nutrient transfer is flow related. The
utero-placental blood flow can be influenced by a number of factors,
and reductions in maternal systemic perfusion produce a propor-
tional disease in uterine blood flow. During pregnancy, the
uterine vascular bed seems maximally dilated and is relatively
unresponsive to further stimuli such as reduced perfusion pressure,
hypoxia, or hyperoxia. In addition, estrogens have little effect
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Table II. Suggested Percentage Distribution of Causes
of Small-for-Dates Babies in the UK

CAUSE

Normal variation 10
Chromosomal and other congenital anomalies 10
Infections (maternal and fetal) 5

(perhaps < 57)

Poor uterus 1
Placenta and cord 2
Vascular disease in the mother 35
Drugs, medicaments and smoking 5
Other 32

(From Elliot and Knight, 1974)

late in pregnancy on uterine vasculature. There is little re-—
sponse to beta-adrenergic stimulation, but stimulation of the
sympathetic nervous system results in vasoconstriction and reduced
uterine flow (Burd, 1976).

The presumed cause of reduced fetal growth in maternal vascu-
lar disease is compromised uteroplacental perfusion and a decrease
in trophoblastic surface area. Since the placenta acts as an
organ of nutrient exchange, and flow and permeability influence
the placental clearance of molecules across the placenta, more
attention needs to be directed toward the assessment of nutrient
transfer to the fetus. Except under unusual circumstances, sub-
strate availability in the maternal circulation could not be
viewed as the rate limiting process in fetal growth. More likely,
a reduction in uterine blood flow and therefore placental transfer
is operant in the majority of instances. Placental clearance can
be measured in experimental animals by calculating (see Table III)
umbilical blood flow and determining the arterial-venous concen-
tration difference of the particular substrate (Burd, 1976).

However, good estimates of placental clearance or capacity
are difficult to obtain in humans. In some laboratories, the clear-
ance of dehydroepiandrosterone sulphate (DHEAS) is used as an assess-
ment of placental function (Worly, 1975) and has been helpful in
identifying those patients with significant reduction in placental
function prior to overt clinical signs of pregnancy hypertension.
There are a number of limitations to this test and clearly there
is a need for development of a good, safe, reliable, non-invasive
technique for assessing placental function.
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Table III. Placental Clearance for a Compound that is
Transferred from Fetus to Mother

F Umbilical X (Al Umbilical = Vl Umbilical )
C Placental Blood Flow Arterial Conc. Venous Conc.
Clearance Al Umbilical ~ A2 Uterine

Arterial Conc. Arterial Conc.

(From Burd, L.I., 1976)

Hormonal Factors

In addition to an adequate blood supply, the fetus must pro-
duce a number of polypeptide hormones to grow adequately. Most of
the attention has been directed toward fetal thyroid hormone and
growth hormone or somatomedin. These hormones have little in-
fluence on overall somatic growth in utero, while they are impor-
tant for maturation and possibly altering substrate supply. More
recently insulin has gained prominence as-a major regulator of
fetal growth, particularly during the latter part of the third
trimester (Hill, 1976, 1978). Both clinical and experimental data
support a role for insulin during fetal life as essential for
fetal growth (Table IV). The classic example of the insulin effect
on fetal growth is the infant-of-the-diabetic-mother (IDM).

Table IV. Insulin Effects on Fetal Growth

Hyperinsulinemia or Hypoinsulinemia or
Increased Sensitivity Decreased Sensitivity
Infant of the Diabetic Mother Transient Diabetes Mellitus
Insulinoma and Nesidioblastosis Pancreatic Agenesis
Beckwith-Wiedemann Syndrome End Organ Defect (Receptor)

Infant of the Gestational Diabetic Intrauterine Growth Retardation

In this instance, poor control of the diabetes in the mother re-
sults in large oscillations in blood glucose that are directly
transferred to the fetus. The fetal beta cell responds to the
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glucose stimulus by hypertrophy and hyperplasia and increased
insulin production. As the insulin output increases, there is
overgrowth of almost all fetal tissues with the most striking
changes occurring in the adipose tissue, liver, and muscle

(Fig. 1). The infant becomes dependent on the relatively high
blood gluocse and when delivered, has a precipitious fall in glu~
cose and frequently has symptomatic hypoglycemia. It is important
to recognize that the fetal hypersomatism and the induced meta-
bolic changes can be abolished by meticulous control of the mater-
nal diabetes. Prognosis for normal growth in these infants is
good and a slowing in growth velocity occurs during the first two
years of postnatal life. These infants are good examples of how
alterations in substrate supply (glucose) can induce hormonal
changes and altered growth in the fetus, as well as indicating how
excessive fetal growth can be transient and return to normal. In
severe maternal diabetes with vascular disease (White Class F),
the reduction in uterine blood flow and placental transfer of
substrate is such that the majority of infants from these patients
are growth retarded.

200 | Percentace of

ConTrROL VALUES
180

160
140
120

100 | CONTROLS

(100%)
80

60
40
20

Boov  Booy Boov BRaIN HEART Lune  Liver SPLEEN THymus Pancreas KIDNEY ADRENAL
Far Wr, LENGTH WT, W, r, WT, Wr, Wr, T, Wr, W,

Fig., 1. The body weight and organ weight are shown for some
infants of diabetic mothers compared with controls.
(Re-drawn from Osler and Petersen, 1960 and Naeye,
(1965).
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Other examples of fetal hypersomatism are listed in Table IV
and are relatively rare, but frequently have a very similar clini-
cal appearance to the IDM and have excess de novo insulin pro-
duction. In these instances, neonatal hypoglycemia usually per-
sists until the pancreatic overproduction of insulin is ablated
through drugs or surgery. The prognosis for normal growth is good.

Contrasted with the IDM and other forms of insulin overpro-
duction is the group of patients who have insufficient or total
absence of insulin and intrauterine growth retardation. The
classic cases of total pancreatic agenesis (Sherwood et al., 1974)
offer the opportunity to examine how fetal growth is arrested in
the absence of fetal insulin production. These infants obtain a
size of approximately 30 weeks gestation and do not have adequate
development of muscle, adipose tissue, and liver. They behave as
diabetics once they are born and can no longer depend on maternal
glucose homeostasis for control. In addition, a large number of
growth retarded infants with maturational lag in pancreatic islet
function have been described. These infants develop diabetes
mellitus and may die if not treated appropriately. With good care
and insulin therapy, catch-up growth is dramatic and most infants
recover their own pancreatic function.

The above cases are not known to have any particular problem
in vascular supply or substrate transfer, but they clearly have an
inability to utilize substrate for developing muscle, adipose
tissue, and glycogen. Thus, the interaction between substrate and
hormones for optimal fetal growth.

Nutrition

The growth of the fetus obviously depends on the availability
of an adequate nutrient supply. Until recently, glucose was con-
sidered the major metabolic fuel of the fetus (Simmons, 1976).
Studies in sheep where catheters have been implanted in fetal
arteries and veins and maintained during pregnancy (Simmons et al.,
1974), have indicated that glucose may account for only 45% of
oxygen consumption and the remainder comes from amino acids and
from lactate (Table V). If these findings can be extrapolated to
humans, there is need, therefore, of a continuing supply of glu-
cose, amino acid, and lactate.

Considerable controversy exists over the concept of limiting
or reducing fetal growth by reducing maternal intake of calories
and protein and other nutrients. The vast majority of evidence
that some influence on fetal growth can be produced by restricting
maternal intake comes from data on rats (Winick, 1972). In humans
and non-human primates, it is difficult to demonstrate a direct
relationship between maternal nutrient intake and fetal growth
(Cheek, 1975). 1In North America, where undernutrition is usually
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Table V. Contributions of Various Substrates to Fetal
Oxidative Catabolism

Glucose 0.45
Amino acids 0.25
Glycerol 0.01
Fructose 0.01
Free fatty acids (C > 5) 0.01
Lactate 0.25

1.00

(From Simmons, 1976)

coincident with poor socioeconomic conditions, it is nearly im-
possible to separate nutrient intake as a single variable and
demonstrate a rate-limiting effect on fetal growth. Similarly,

if one examines the number of growth retarded infants associated
with significant undernutrition in the mother, the total number
is fewer than 1%. There appears to be a margin of safety for the
fetus as exemplified in some cases of severe undernutrition with
normal or slightly reduced birth weights (Stein and Susser, 1975).
In studies on the effects of dietary supplementation, there is a
modest (40-60 gram) increase in the average birth weight and only
in those women who were thin and undernourished at the beginning
of the study (Stein et al., 1978). The Dutch famine study supports
the notion that a sparse but well balanced diet had little or no
relation to fetal growth until there was severe food deprivation.

These findings do not negate the possibility that a fetus may
be marginally nourished or malnourished in-utero in the presence
of a normally or optimally nourished mother. As emphasized in the
section on vascular or hormonal factors, the basic nutrient supply
to the fetus may be compromised by poor uterine and umbilical flow
and by alterations in assimilation of the substrate.

Classification of Altered Fetal Growth

The first good documentation of the undernourished full~term
infant appeared in an article by McBurney (1947). Since that time
there have been numerous growth curves established for the fetus
related to gestational age. The most familiar of these is that
produced from the Denver population (Fig. 2) (Battalgia and
Lubchenco, 1967). While this graph is frequently used, others from
Baltimore (Gruenwald, 1964) and Montreal (Usher and McLean, 1969)
as well as local standards should be used since there are definite
regional and ethnic differences in birth weights. 1In any of these
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Fig. 2. The classification of newborns by birth weight and
gestational age commonly used in newborn nurseries.
(Battaglia and Lubchenco, 1967).

growth grids, the important point is to properly determine the
gestational age of the newborn and to determine if the infant is
preterm, term, or post—term and then to determine if the infant is
large-for-gestational-age (LGA), appropriate-for-gestational-age
(AGA), or small-for-gestational-age (SGA). This initial.
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classification should be done for weight, length, and head circum-
ference. Once it has been determined that the infant is SGA, then
a search for the etiology can proceed. 1In approximately 30% of
patients, the pattern of growth established prenatally will persist
postnatally and the infant and child continue to exhibit low pro-
file growth at or below the 10th percentile. Usually, no specific
cause can be found for their poor growth. The remaining infants
have variable degrees of catch-up growth often accompanied by an
excessive nutrient intake for body size or age. These infants are
no longer under constraint and consume nutrients to satisfy the
increased demand for growth. Many of these infants cross percen-
tile lines and return to their individual genetic pattern or
channel for growth.

It is evident, therefore, that the SGA infants have hetero-
genous etiologies that produce growth failure in-utero and the
eventual prognosis for postnatal growth is very much determined by
the specific etiologic agent. In those instances where cell re-
plication is inhibited or arrested for a significantly long period,
such as in rubella or cytomegalic inclusion disease, the growth
retardation is usually permanent. Conversely, if the constraint
to growth is due to a reduced blood supply late in gestation,
there is usually rapid and complete postnatal catch-up growth. If
more effort is expended on properly classifying newborn infants
according to body proportions and birth weight for gestational age,
then prognostication on ultimate growth and performance of the
child will become easier.

POSTNATAL GROWTH

One of the most frequent reasons for a child to be referred
for assessment is because of an abnormality in his or her post-
natal growth. As mentioned in the first few paragraphs, these
growth abnormalities may be at either end of the spectrum, i.e.,
failure-to-thrive or obesity. Usually, a detailed history in-
cluding the obstetric and neonatal history will provide some
evidence of growth abnormality prior to birth. 1In those infants
who fail-to-thrive after a normal prenatal and birth history,
there is frequently a history of disturbed nutritional intake or
assimilation (Table VI). When these infants are fed in a con-
trolled environment, they will often experience dramatic catch-up
growth. Seldom is there an organic cause for their failure-to-
thrive, but if, in fact, they have a major system disease, the
prognosis for normal growth is closely related to the severity of
the disease. 1In addition, disorders such as renal failure or
severe asthma are often treated with growth retarding drugs such
as corticosteroids. When the corticosteroids are reduced or dis-
continued, there is frequently some catch-up growth. There is
little evidence that nutrition, per se, is the rate~limiting
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Table VI. Causes of Failure to Thrive in a Hospital

Population
No. Percent
Suboptimal nutrition 174 81
Other cases:
Cystic fibrosis 6 3
Hypothyroid 5 2.5
Subdural hematoma 5 2.5
Glycogen storage disease 1 0.5
Celiac syndrome 1 0.5
Methylmalonic acidemia 1 0.5
Maple-syrup urine disease 1 0.5
Unknown 6 3
TOTAL 200 100

factor although some improved growth can be witnessed following
caloric supplementation in chronic renal disease. True endocrine
abnormalities such as hypothyroidism or hypopituitarism are rare
causes of growth failure in children. Usually, a good history
plus the appearance of the child and his or her bone age will
suggest one of these endocrinopathies. The nutrient intake in
these children is commensurate with the rate of growth of the
child. Abnormalities of insulin such as juvenile diabetes
mellitus can produce growth retardation if poorly controlled.

Excessive growth during the first few years postnatally is
usually manifest by an abnormal pattern of weight gain due to
adipose tissue. This has become a major concern in pediatrics
since there is evidence that a relatively high percent of obese
infants become obese children and obese adults (Heald and Hollander,
1965). The factors causing this increase in the incidence of
obesity in infants and children are not clear. Inherited factors
play an important role, but clear-cut inheritance patterns have not
been established. Some studies claim that bottle feeding plus the
early introduction of solid foods have a major role in the pro-
duction of obesity in infants. Work completed in our clinic
(Dubois et al., 1979) does not support this contention and suggests
that individual differences in energy storage and utilization must
be important since obese infants had a lower caloric intake per
kilogram than the non-obese infants. The same finding has been
reported in older obese children and adults.
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It would appear that individual disturbances of hypothalamic
regulation may result in morbid obesity or conversely, in anorexia
and cachexia. There are both human and experimental data illus-
trating how damage to the ventromedial hypothalamus can produce
hyperphagia and obesity (Martin et al., 1974). These conditions
are usually associated with excessive insulin secretion that pre-
cedes the hyperphagia and obesity (Martin et al., 1974). A pep-
tide isolated from the ventrolateral hypothalamus of rats and
monkey has a very specific stimulatory effect on pancreatic insulin
production (Hill et al., 1977). This peptide has not yet been
characterized, but in crude form is present in the plasma of
obese animals. It may mediate the lipogenic effect through insu-
lin stimulation.

While there is evidence of central hypothalamic disturbance
in some children, these are the rarer causes of obesity. It must
be concluded that numerous factors enter into the equation re-
sulting in obesity, but each child who becomes obese has exceeded
the energy requirement for normal basal metabolism and growth
during a significant period of development.

SUMMARY

Abnormalities in both prenatal and postnatal growth have been
highlighted. Disturbances in the intake, assimilation, or meta-
bolism of macronutrients appear to be the common denominator in a
number of these disorders. The challenge to the biochemist and
clinical investigator is in at least four areas:

1) Development of non-invasive, safe techniques for the
assessment of placental transfer and function.

2) Further elucidation of the role of insulin in both
prenatal and postnatal growth.

3) Assessment of the rate of intrinsic cell growth and
alterations with nutritional manipulations.

4) Clearer definition of the individual metabolic differences
in the obese versus the non-obese child.
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INTRODUCTION

The clinical consequences of riboflavin deficiency in humans
were first described by Sebrell and Butler (1938). On a diet which
furnished only 0.5 mg of riboflavin daily, 10 of 18 adult women
developed oral lesions that disappeared following riboflavin
supplementation. Now, over 40 years later, riboflavin deficiency
is recognized as a global health problem that can occur in persons
of any race, sex or age. Much new knowledge about riboflavin has
been obtained during the last 10 years due to major improvements
in methods for measuring riboflavin status and a concomitant re-
newed interest in nutrition. This paper will review the clinical
significance of riboflavin deficiency with a special emphasis
being given to recently acquired information.

STRUCTURES AND CHEMICAL-PHYSICAL PROPERTIES

The history of riboflavin discovery, isolation and characteri=
zation has been reviewed in detail (Gyorgy, 1954; Wagner-Jauregg,
1954; Gyorgy, 1967). Karren et al. (1935) and Kuhn et al. (1935)
independently synthesized riboflavin and proved its structure to
be 7,8-dimethyl-10-(1'-D-ribityl) iscalloxazine (Figure 1). The
name, riboflavin, thus reflects the presence of D-ribitol and
flavin. Riboflavin is commonly referred to as vitamin B2 and was
earlier called vitamin G in the United States. Other previous
names for riboflavin include lactoflavin, ovoflavin, uroflavin and

15
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hepatoflavin which reflect the source of the vitamin. The princi-
pal forms of riboflavin found in nature are riboflavin 5'-phosphate
(FMN) and flavin adenine dinucleotide (FAD) (Figure 2).
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Riboflavin, FMN and FAD have molecular weights of 376, 456
and 786, respectively. Flavins have a characteristic yellow color
resulting from strong absorption in the violet and blue regions.
In crystalline form flavins are stable to heating up to 100-120°.
Riboflavin is odorless but has a bitter taste. It is poorly
soluble in water (0.03 - 0.15 g/100 ml), perhaps accounting for
its low toxicity. A saturated solution has a pH of approximately
6. FMN and its sodium salt are highly soluble and FAD is very
hygroscopic and is freely soluble. All three compounds have multi-
ple absorption peaks and exhibit intense greenish-yellow fluo-
resence (riboflavin and FMN) and orange fluoresence (FAD).

In aqueous solution flavins are relatively heat stable in the
absence of light. Flavins present in food are unaffected by baking
in an oven below 500°F (Williams and Cheldelin, 1942; Mayfield and
Hedrick, 1949) or short-term sterilization by autoclaving (Wagner-
jauregg, 1972). 1In contrast, the riboflavin content of milk is
reduced by more than 50% within two hours of exposure to sunlight
(Ziegler, 1944). Flavins are relatively stable against common
oxidizing agents. Generally, acids have no destructive influence
on the isocalloxazine nucleus but the ester bond of the nucleotides
is readily hydrolyzed. FAD can be fully hydrolyzed to FMN by
allowing it to stand overnight at 38°C in 10% trichloroacetic acid
although no destruction occurs at 0°C for 30 minutes. All flavins
undergo decomposition in the presence of alkalies; if irradiated
by light, lumiflavin and lumichrome appear as photolytic products.
Several excellent reviews of the physical and chemical properties
of flavins are available (Yagi, 1962; Wagner-Jauregg, 1972; Merrill
and McCormick, 1980).

METABOLISM AND FUNCTIONS

Riboflavin is consumed primarily as FMN- and FAD-protein
complexes (McCormick, 1975). Prior to absorption the flavins are
released by gastric acidification and proteolysis. Flavins are
absorbed from the proximal region of the small intestine by a
specialized site-specific and saturable transport process (Campbell
and Morrison, 1963; Levy and Jusko, 1966; Jusko and Levy, 1967).
Before flavins can be taken up by the intestine, it is necessary
that they be dephosphorylated in the intestinal lumen. Prior to
their release in the blood, the flavins are rephosphorylated in the
mucosal cells.

Man is fairly efficient in absorbing riboflavin but concomitant
ingestion with meals provides maximal absorption. The effect of
food upon enhancing absorption may be due to the release of bile
salts, agents that appear to facilitate the absorption of flavins
(Mayersohn et al., 1969). When low levels of flavins are fed to
normal persons, the amounts recovered in the urine are proportional
to the amounts ingested. There is, however, an upper limit in
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intestinal absorption of riboflavin of about 25 mg (Jusko and Levy,
1967). When 30 mg of FMN or more are given orally, only about 50%
is absorbed. Neither the mechanism underlying this latter obser-
vation nor its possible regulatory role are known.

Flavins are present in all biological fluids and tissues.
After entering the circulation a large fraction of riboflavin and
FMN is bound to albumin in a rather weak association (Jusko and
Levy, 1969). Numerous other plasma protein fractions also bind
riboflavin. Very recent work has described the purification of
riboflavin-binding proteins from bovine plasma that migrate electro-
phoretically with the globulin fraction (Merrill et al., 1979).
Preliminary work indicates the presence of comparable binding
proteins in human plasma (Merrill and McCormick, 1980).

The flavins are quickly transported to the various tissues
with the majority being taken up by the liver and kidneys leaving
very little in the blood (Baker et al., 1966; Yagi et al., 1966;
Fazekas and Sandor, 1973). Most tissues contain 1 ug flavin/g
tissue or less (Koziol, 1971). 1In the tissues riboflavin is con-
verted by flavokinase to FMN (McCormick, 1961; Merrill et al.,
1978) which is subsequently converted to FAD by a pyrophosphorylase
(McCormick, 1964). Some studies have indicated that thyroid hor-
mones are involved in maintaining flavin coenzyme levels (Rivlin
et al., 1968). FAD is the predominant flavin in tissues (Cerletti
and Ipata, 1960; Yagi, 1962). The interconversions of riboflavin,
FMN and FAD have been extensively reviewed by McCormick (1975).

Renal excretion of riboflavin involves glomerular filtration,
tubular secretion and reabsorption (Morrison and Campbell, 1960a).
The amount excreted depends mot only on the amount ingested but
also on the levels present in the body. When radioactive ribo-
flavin is injected, about 81% of the radioactivity is retained
after 24 hours (Yang and McCormick, 1967). Free riboflavin is the
only flavin excreted from the body in significant amounts. The
main excretory route is the urine with very minor amounts being
excreted in the bile, feces, sweat and breast milk. There are trace
levels of flavin catabolites present in the urine (West and Owen,
1969) which probably arise from intestinal flora (Yang and
McCormick, 1967).

FMN and FAD form the prosthetic groups of several different
enzyme systems which are collectively known as flavoproteins. They
participate in numerous reactions (Horwitt and Witting, 1972;
Merrill and McCormick, 1980). The oxidation of D- and L-amino
acids by the corresponding amino acid oxidases requires FAD and FMN,
respectively. In carbohydrate metabolism FMN acts in concert with
pyridine nucleotides to oxidize glucose-6-phosphate and produce
energy. Xanthine oxidase an¢ aldehyde dehydrogenase are additional
examples of enzymes involved in aerobic oxidation that require
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flavoproteins. FMN and FAD are also cofactors in several mito-
chondrial anaerobic dehydrogenation reactions. Examples of the
latter include the transfer of hydrogen from NADH to the cyto-
chromes, succinic dehydrogenase in the tri-carboxylic acid cycle
and the B-oxidation of fatty acids via acyl-CoA dehydrogenases.

Most of the flavins found in blood are present in the erythro-
cytes with FAD being the predominant form (Burch et al., 1948).
Since erythrocytes lack mitochondria, there are only a limited
number of flavin enzymes present in these cells. One important
role of FAD is as a coenzyme of glutathione reductase (EGR) which
ensures proper maintenance of reduced glutathione (GSH) levels.

The other FAD flavoprotein in red cells is methemoglobin reductase.

In pregnancy the FAD present in the maternal circulation does
not cross the placenta but is degraded to free riboflavin in the
placenta for secretion into the fetal blood (Lust et al., 1954).
Riboflavin is also present in amniotic fluid (Clarke, 1973a).
Umbilical cord blood levels at delivery are related to maternal
blood levels but are always higher in the neonates - even in face
of maternal hypovitaminosis (Kaminetzky et al., 1973, 1974).
Several workers have confirmed the finding that neonates invariably
have better riboflavin status than their mothers (Bamji, 1976;
Baker et al., 1977; Clarke, 1977b). This disproportionate distri-
bution of flavins between the mother and her fetus may be due to a
carrier-mediated transport mechanism (Nutr. Rev., 1979). Although
not yet demonstrated in the human, pregnancy-specific riboflavin-
binding proteins have been shown to occur in chicks (Murthy and
Adiga, 1977a,b,c, 1978), rats (Adiga and Muniyappa, 1978) and cows
(Merrill et al., 1979). Furthermore, estrogen appears to induce
their synthesis in liver and modulate their levels in plasma.

Accompanying the weight loss that normally occurs in a neonate
during the first 3 days of life after birth is a high urinary ex-
cretion of riboflavin (Hamil et al., 1947). These large amounts
excreted early in life may partly reflect the intrauterine storage
as well as the negative nitrogen balance that usually occurs in the
first few days of life. Urinary excretion of riboflavin decreases
as the neonate undergoes transition to the extrauterine enviromment
and milk intake is increased.

REQUIREMENTS

Man must have a constant supply of riboflavin for the optimal
maintenance of the many metabolic processes involving the flavin
coenzymes (Tillotson and Baker, 1972). This need is met in adults
when dietary riboflavin intake is sufficient to keep the body
tissues near-saturated by replacing riboflavin lost from the body.
During physiological stress periods of growth, pregnancy and lacta-
tion, riboflavin requirements are increased. Recommendations for
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the dietary riboflavin intake of healthy normal people are set at
levels which will not only prevent the deficiency syndrome of
ariboflavinosis but will ensure maximal functional capacity and
meet any needs due to physiological stress.

The bulk of the data used to establish riboflavin requirements
has been derived from balance studies. An important consideration
in this regard is that meaningful measurements of urinary ribo-
flavin excretion cannot be obtained in individuals with negative
nitrogen balance (Oldham et al., 1947; Pollack and Bookman, 1951;
Bro-Rasmussen, 1958; Smith et al., 1959). Inadequate protein
intake and disease are invariably accompanied by negative nitrogen
balance. This is a major reason why requirements are known only
in normal, healthy individuals. Other factors which can result in
altered nitrogen metabolism are discussed in the section on Assess-
ment (Biochemical, Assay Methods) and some of the diseases known to
decrease the levels of riboflavin are summarized in the section on
Occurrence of Riboflavin Deficiency. There is little evidence,
however, that disease per se causes an increased need for water-
soluble vitamins (Coon, 1965).

There have been several suggestions for the best way to ex-
press riboflavin requirements. Arguments for estimating riboflavin
needs in terms of caloric consumption (Bro-Rasmussen, 1958) and
protein requirements (Horwitt, 1966) have been critically reviewed.
The World Health Organization (1965, 1967 and 1974) has chosen to
relate riboflavin needs to caloric intake at a level of 0.55 mg/
1000 kcal and makes no additional adjustments for riboflavin re-
quirements during physiological stresses. This value is similar to
the riboflavin intake which maximizes the level of EGR (Beutler,
1969). The Food and Nutrition Board of the National Acacemy of
Sciences (RDA, 1980) expresses riboflavin requirement in terms of
metabolic body sizes, e.g., the adult requirement is 0.07 mg per
day per Kg 0.75 If related to calorie intake, the RDA are higher
than the WHO recommendations.

The early studies of Horwitt et al., (1949, 1950) suggested
that the riboflavin requirement of the resting adult is 1.1 to 1.6
mg per day. Intakes below 0.5 mg per day are insufficient to support
normal tissue repair and will result in ariboflavinosis (Bro-
Rasmussen, 1958). The needs of infants and young children were
initially evaluated to be approximately 0.4 mg per day (Oldham
et al., 1944; Snyderman et al., 1949). These values for human
riboflavin requirements have stood the test of time well (See
Table I).

Some studies suggest no increased requirement for riboflavin
with the progress of pregnancy (0ldham et al., 1950) but other
reports of decreased urinary excretion (Dubrausky and Blazso, 1943;
Brzezinski et al., 1952), reduced whole blood levels (Clarke, 1971),
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Table I. Daily Riboflavin Requirement

Recommended Dietary
Age Weight Energy Allowances (1980)%*
Group (Year) (Kg) (Kcal) ng/daily
0-0.5 6 Kg. X 115 0.4
Tnfants 0.5-1.0 9 Kg. X 105
1-3 13 1300
Children 4-6 20 1700
7-10 28 2400 1.4
11-14 45 2700 1.6
15-18 66 2800 1.7
Males 19-22 70 2900 1.7
23-50 70 2700 1.6
51-75 70 2400 1.4
76+ 70 2050 1.4
11-14 46 2200 1.3
15-18 35 2100 1.3
Females 19-22 55 2100 1.3
23-50 55 2000 1.2
51 55 1800 1.2
76+ 55 1600 1.2
Pregnancy + 300 + 0.3
Lactation + 500 + 0.5

*These allowances are intended to provide for individual
variations among most normal persons as they live in the
United States under usual environmental stresses.

enzyme tests indicating riboflavin deficiency (Heller et al., 1974)
and an increased incidence of deficiency syndromes (Brzezinski

et al., 1952) clearly indicate an increased need. Lactation also
increases riboflavin requirements (Roderuck et al., 1946). The
increase in requirement for B-vitamins during pregnancy,
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particularly in the final trimester, may be due partly to seques-
tration of vitamins by the fetus and placenta, and partly to the
metabolic effects of high circulating levels of female sex hor-
mones (Bamji, 1976).

The best food sources of riboflavin are milk, liver, eggs,
meat and some of the green leafy vegetables (Horwitt, 1972; Foy
and Mbaya, 1977). One quart of milk contains about 2.0 mg of
riboflavin which is equivalent to approximately two pounds of lean
meat. Yeast is the richest natural source but dees not contribute
significantly to dietary intake. Unenriched grains and legumes
are poor sources but supply important amounts to many regimens due
to large consumption of these foods. Grains have become valuable
riboflavin sources in the United States because of bread enrich-
ment programs. The riboflavin intake of many diets is related to
the amount of ingested animal protein. Riboflavin consumption in
the United States increased from 1.9 in 1935 to 2.3 mg/person/day
in 1959, mostly due to greater consumption of beef (Foy and Mbaya,
1977). Today's current market prices for meat have undoubtedly
reduced riboflavin intake from this source. Non-food sources of
riboflavin include vitamin synthesis by intestinal flora (Najjar
et al., 1944) but the amounts produced are small and may not be
taken up by the body.

ASSESSMENT OF RIBOFLAVIN STATUS

The methods used for assessing nutritional riboflavin status
in man are comparable to those used for other vitamins. There are
several very good summaries concerning nutritional assessment
techniques (Goldsmith, 1959, 1964, 1975; Jelliffee, 1966; Ten
State Nutrition Survey, 1968-1970; Christakis, 1973). A diagnosis
of riboflavin deficiency is usually made on the basis of a pro-
longed history of poor riboflavin intake which may or may not be
accompanied by clinical signs and symptoms of ariboflavinosis.
Final confirmation is accomplished by biochemical evaluation. In
those instances where laboratory tests are not available, therapeu-
tic diagnosis might be considered. It is essential to know nutri-
tional requirements, be familiar with nutrient functions, be
cognizant of the potential influence of disease on nutrient require-
ments and utilization and to evaluate possible biochemical dis-
turbances in the body.

In population groups with very uniform food patterns, which is
often the case in developing countries, relatively simple methods
yield good results (Brubacher, 1974). In this situation the aim
is to decide if there is a public health problem. Methods can thus
be used which are applicable to screening large population groups.
In highly industrialized countries, however, more sophisticated
techniques are needed which can be applied to individuals in a
clinical setting. It is unfortunate but there is generally a poor
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correlation between dietary, clinical and biochemical evaluation
of riboflavin nutriture (Axelrod et al., 1941; Brocklehurst et al.,
1968; Thurnham et al., 1970; Buzina et al., 1971, 1973; Sharada
and Bamji, 1972; Schorah and Messenger, 1975; Kaufmann and
Guggenheim, 1977). Only when the riboflavin deficiency is pro-
longed and severe is there a very good correlation between these
variables (Bamji, 1969; Beutler, 19 9; Tillotson and Baker, 1972;
Vir and Love, 1977).

Dietary

An estimate of riboflavin status can be made by determining
dietary intake of the vitamin and comparing this with an indivi-
dual's needs as discussed in the previous section. An indication
of adequate riboflavin intake does not insure that there are
adequate body stores but does imply minimal risk for developing
ariboflavinosis. Dietary methods are laborious and expensive.
They are particularly useful in nutrition surveys for screening
large numbers of people and for monitoring hospitalized patients.

There are several methods by which to evaluate dietary intake.
The most commonly utilized approach is the diet record. The sub-
ject records types and amounts of food consumed over some specified
period of time. Alternately, this same information can be obtained
by interviews. More exacting information results when home visits
are included in the evaluation. Each of these methods requires
the use of food composition tables which often contain inadequate
or questionable values. The most precise approach involves the
actual determination of the amount of riboflavin present in 24-hour
food composites by the same basic assay methods in the Biochemical
Section. Availability of this latter method is, however, extremely
limited.

Clinical

Few clinical signs have pathognomic significance. Unlike some
of the other nutrient deficiencies, ariboflavinosis is not a life
threatening situation. Only the general aspects of the clinical
evaluation of riboflavin status will now be discussed. Specific
clinical manifestations of ariboflavinosis are described in the
section on Effects of Riboflavin Deficiency.

The clinical assessment of riboflavin nutriture in man is
inexpensive, can be done quickly and requires minimal training.
There are, however, several problems in the clinical evaluation of
nutritional status such as examiner variation that must be borne
in mind at all times (Plough and Bridgeforth, 1960). It is rare to
find pure, uncomplicated riboflavin deficiency in clinical practice.
Most patients with ariboflavinosis will also be deficient in other
nutrients which may alter riboflavin status. For example, it has
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been stated that deficiencies of pyridoxine and niacin cause the
same lesions of the mouth typically associated with riboflavin
deficiency (Goldsmith, 1956; Jelliffe, 1966; Krishnaswamy, 1971;
Iyenger, 1973). The rationale for this statement is discussed in
the section on Pathophysiology.

It is also important to realize that clinical manifestations
are late reflections of metabolic disturbances that occur only
after nutrient body stores have become depleted. Brin et al.
(1965) have described the progressive stages of vitamin deficiency
in man. Most nutrition surveys done in the United States reveal
a rather low incidence of clinical evidence of riboflavin de-
ficiency. This should not be taken as an indication that sub-
clinical ariboflavinosis is not present. Clinical observations
should only be utilized as a quick screening method to identify
those patients at greatest risk of being riboflavin-deficient.
Confirmation by dietary evaluation and biochemical assessment is
absolutely necessary to ensure proper treatment.

Biochemical

There are several biochemical methods for measuring riboflavin
and guidelines for interpretation of the results (Pearson, 1962,
1967a; O'Neal et al., 1970; Sauberlich et al., 1974). Biological
and chemical assays can be used with samples of tissue, urine or
blood. These tests measure changes reflecting dietary riboflavin
intake or tissue storage and saturation of riboflavin, FMN and FAD
(Kaufmann and Guggenheim, 1977). Other analytical techniques have
been described but are not used often (Couch and Davies, 1963).
Recently, an enzymatic functional test to assess riboflavin status
has been developed which appears to be more valid than other
measurements. All of these assays are sensitive to small changes
in experimental conditions but are reproducible and accurate when
done by capable and experienced laboratory personnel.

Sample Types

Tissue. When we attempt to measure riboflavin status, we
are, in effect, seeking a measure of body stores (Pearson, 1967a).
These stores are not markedly affected by normal dietary riboflavin
intakes because they are not mobilized until the circulating ribo-
flavin in blood has been depleted (Tillotson and Baker, 1972).
Thus, tissue flavin levels are an ideal measurement. Most of the
riboflavin in tissues is present as FMN and FAD bound to protein.
These flavins must be extracted, liberated and separated prior to
analysis according to any of several published procedures (Yagi,
1951, 1962; Yagi and Okuda, 1958; Pearson, 1967b; Koziol, 1971;
Fazekas and Kokai, 1971; Baker and Frank, 1975). The release of
covalently-bound flavin, e.g., FAD present in succinic dehydro-
genase, requires enzyme and acid digestion for liberation
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(Singer et al., 1971). Tissue measurements are rarely made in man
because they are very difficult to obtain and gram quantities of
tissue are required.

Urine. Riboflavin status has been evaluated extensively by
measuring its levels in urine (Horwitt, 1966). For all practical
purposes the only flavin present in urine is riboflavin. Despite
the lack of human data on the relationship between urinary excre-
tion and total body stores of riboflavin (Pearson, 1967a), the
clinical signs of ariboflavinosis and dietary intake of the vitamin
have been shown to correlate with urinary riboflavin levels under
carefully controlled studies (see Requirements Section).

For survey purposes non-fasting casual, 2-hour or 6-hour
collections can be used successfully (Lowry, 1952; Hegsted et al.,
1956; Plough and Consolazio, 1959). 1In clinical instances where
riboflavin deficiency is suspected, a 24-hour urine collection
should be obtained if at all possible (Sauberlich et al., 1974).
Expressing urinary riboflavin excretions per gram of creatinine
tends to correct for variations due to body size. When this corre-
lation is applied, children excrete more riboflavin per gram of
creatinine than do adults (Pearson, 1962). A riboflavin load test
had been used occasionally in which the urinary excretion of ribo-
flavin is measured in the 4~hour period following the oral adminis-
tration of a 5-mg test dose of the vitamin (Lossy et al.,, 1951).
Several considerations must be taken into account when using urine
to assess riboflavin nutriture.

Urinary riboflavin levels give no indication of the body's
stores of FMN and FAD, the functional flavin forms. There can be
large variations in urinary excretion due to differences in dietary
intake (Tillotson and Baker, 1972) and physiological circumstances.
Riboflavin excretion is increased under conditions of negative
nitrogen balance, fasting, heat, stress, prolonged hard physical
work and enforced bed rest (Pollack and Bookman, 1951; Bro-
Rasmussen, 1958; Smith et al., 1959; Tucker et al., 1960; Coon,
1965). Sleep and short periods of hard physical work decrease
vitamin excretion (Tucker et al., 1960).

Blood. Riboflavin nutritional status has also been evaluated
by measuring riboflavin, FMN and FAD levels in whole blood, plasma
and erythrocytes (Pearson, 1962). As was the case with urine,
plasma concentrations of flavins tend to reflect recent dietary
intake and exhibit considerable daily fluctuation (Burch et al.,
1948; Suvarnakich et al., 1952; Coon, 1965; Bamji, 1969). Erythro-
cyte flavin levels are more sensitive than plasma and have been
used in several studies as an index of riboflavin status (Horwitt
et al., 1949; Bessey et al., 1956; Bamji, 1969; Clarke, 1969b).
Blood levels are, nevertheless, of limited value since concentra-
tions do not change until more easily determined parameters have
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been altered (Sauberlich et al., 1974).

Assay Methods

Fluorometric. Most fluorometric assays are based on the
method of Slater and Morell (1946). Procedures are ayailable for
use with tissues (Bessey et al., 1949; Burch et al., 1956), blood
(Burch et al., 1948) and urine (Albright and Degner, 1967; Mellor
and Maass, 1972). Either the fluorescence of the flavins can be
measured directly or they can be converted to lumiflavin and its
fluorescence determined (Fujita and Matsuura, 1950; Clarke, 1969a,
1977a). Fluorometric methods of analysis are used more often
than microbiological procedures as they tend to give higher and
more consistent values (Bamji et al., 1973).

Biologic. Aside from the lactic acid bacteria, few free-
living bacteria require exogenous riboflavin. Optimal assay con-
ditions for using Lactobacillus casei to determine flavin levels
are well documented (Snell and Strong, 1939; Strong and Carpenter,
1942; Clegg et al., 1952; Prager et al., 1958). Growth of the
Lactobacillus casei can be measured turbidimetrically or by the
level of acid production. Although not used as frequently,
Leuconostoc mesenteroides is claimed to be 50 times more sensitive
than L. casei for assaying flavins (Kormberg et al., 1948). There
are, however, certain disadvantages in using microbiological assays.
Antibiotic therapy in patients often precludes their use. The
growth response of L. casei is different for riboflavin, FMN and
FAD (Snell and Strong, 1939; Langer and Charoensiri, 1966). L.
casei is also known to grow in response to fatty acids (Pearson,
1962) and flavin analogs that may or may not have biologic activity
(Yang et al., 1964). Microblological assays tend to be more
satisfactory for urine determinations than they are for blood
measurments (Pearson, 1967b). A method based on the protozoan,
Tetrahymena pyriformis, has been successfully used by Baker et al.,
(1966) for several years.

Enzymatic. In recent years EGR has been used as an enzymatic
index of the riboflavin nutriture of man. The enzyme catalyzes
the reduction of oxidized glutathione (GSSG) in the following
manner:

FAD __  napp' + 26sH

NADPH + H' + GSSG
EGR activity is altered in vivo by dietary riboflavin (Bamji, 1969;
Beutler, 1969; Glatzle et al., 1970).and in vitro by FAD using
purified enzyme (Buzard and Kopko, 1963; Scott et al., 1963; Icen,
1967; Staal et al., 1969) and red cell hemolysates (Glatzle et al.,
1968; Beutler, 1969; Glatzle et al., 1970). The degree of in
vitro stimulation of EGR activity depends on the degree of apo-
enzyme saturation by FAD, which in turn depends upon the
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availability of riboflavin. The enzyme is usually not saturated
with FAD (Beutler, 1969), but a relatively constant percentage of
FAD saturation of the EGR is found in persons consuming adequate
amounts of riboflavin (Tillotson and Baker, 1972). A direct
measurement of EGR activity can be used to determine riboflavin
status, but to do so requires a carefully standardized assay proce-
dure and the use of a reference such as hemoglobin to eliminate
the effects of factors such as anemia. Much more frequently EGR
activity is measured in the presence and absence of in vitro FAD.
This stimulatory effect is then expressed as an activity coeffi-
cient - EGR AC.

Enzyme Activity with added FAD
Enzyme Activity without added FAD

EGR AC =

The question of what specific assay conditions give maximal
EGR activity has received considerable attention (Staal and Veeger,
1969; Staal et al., 1969; Hornbeck and Bradley, 1974; Schorah and
Messenger, 1975; Bayoumi and Rosalki, 1976). Enzyme activity can
be measured by following the oxidation of NADPH at 340 mu (Beutler,
1969; Glatzle et al., 1970; Brewster et al., 1974; Nichoalds et al.,
1974) or the production of GSH (Tatt et al., 1975; Garry and Owen,
1976). Whole blood (Weber et al., 1973; Glatzle et al., 1974) and
white blood cells (Muller and Bates, 1977) can be used instead of
red cells.

The EGR AC test has numerous advantages. It requires only
small amounts of blood and is independent of age and sex. Fasting
blood samples are not needed and the enzyme is relatively stable.
The usefulness of the test for identifying individuals receiving
marginal dietary riboflavin over prolonged periods of time as well
as individuals suffering from severe riboflavin deficiency has been
well documented (Thurnham et al., 1970, 1972; Buzina et al., 1971;
Flatz, 1971a,b,c; Tillotson and Baker, 1972; Sauberlich et al.,
1972, 1974; Cooperman et al., 1973; Weber et al., 1973).

While the EGR AC responds rapidly to riboflavin deficiency,
it plateaus quickly and does not continue to change in response to
progressive tissue depletion (Sterner and Price, 1973). The test
cannot be used in persons with G-6-P-D deficiency due to a greater
avidity of EGR for FAD (Flatz, 1970; Thurnham, 1972); the preva-
lence of G-6-P-D deficiency is about 10% among American Blacks
(Schrier et al., 1958; Frischer et al., 1973). Other diseases may
also alter EGR activity in a manner unrelated to riboflavin status
(Beutler, 1969; Yawata and Tanaka, 1971) and more information in
this area is needed.

At the moment the measurement of the EGR AC appears to be the
method of choice for evaluating riboflavin nutriture in man. Some
of the areas which certainly warrant closer investigation include
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luminescence and pyridoxamine 5'-phosphate (PMP) oxidase. The
application of the luciferase reaction (Strehler and Cormier, 1954)
in the clinical laboratory has recently been reviewed (Gorus and
Schram, 1979; Whitehead et al., 1979) and both FMN and FAD can be
measured using this technique (Mitchell and Hastings, 1969;
Chappele and Picciolo, 1971; Stanley, 1971; Meighen and MacKenzie,
1973). PMP oxidase activity has been found to decrease signifi-
cantly in liver, kidney and brain tissue of riboflavin-deficient
rats (Rasmussen et al., 1979). Importantly, PMP oxidase activity
is more sensitive than the ERG AC to the degree of riboflavin
depletion.

OCCURRENCE OF RIBOFLAVIN DEFICIENCY

Riboflavin status can be evaluated by assessing the adequacy
of dietary intake, the presence or absence of clinical signs
associated with ariboflavinosis, and by several different biochem-
ical determinations of riboflavin levels in the body. Using one
or more of these criteria, indications of inadequate riboflavin
nutriture have commonly observed in nutrition surveys (Davis
et al., 1969; Kelsay, 1969; May, 1961-1972; Ten-State Nutrition
Survey, 1968-1970).

The largest series of international nutrition surveys were
conducted by the Interdepartmental Committee on Nutrition for
National Defense. The incidence of riboflavin deficiency is ex-
tremely high in some of the developing countries such as India,
Thailand and Trinidad. 1In situations where a population subsists
on insufficient quantities of food which are poor sources of ribo-
flavin, over 257% of the people may suffer from riboflavin de-
ficiency (Fernandez et al., 1965). The frequency of ariboflavinosis
is seasonal in developing countries and can vary 10-fold (Thurnham
et al., 1970; Buzina et al., 1923).

Except for particularly vulnerable segments of the American
population such as patients with disease, riboflavin deficiency is
an unexpected entity in a country such as the United States where
an abundance of food is available. There is, however, a propensity
of riboflavin deficiency in the socio-economically deprived groups
of the population (Ten-State Nutrition Survey, 1968-1970) which has
been attributed to the poor quality of dietary intake. Potential
health problems are particularly manifested among impoverished
Blacks and Spanish Americans of all ages. It has been pointed out
earlier (Leverton, 1964) that the nutritive value of a nation's
food supply cannot be used to assess the nutritional status of an
individual.

Ariboflavinosis often develops as a consequence of pregnancy
(Brzezinski et al., 1952). Oral lesions of the mouth associated
with inadequate riboflavin nutriture are commonly observed in
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malnourished pregnant women (Clarke, 1971; Iyengar, 1973; Bamji,
1976; Clarke, 1976). Some investigators have not found riboflavin
deficiency to be a problem in pregnancy (Baker et al., 1975), but
the largest survey done to date reported an incidence of riboflavin
depletion among apparently healthy women of up to 40% using the

EGR AC test (Heller et al., 1974). Generally, the frequency of
riboflavin deficiency increases with the progress of pregnancy.

Pregnant adolescents are the most vulnerable segment of the
population to generalized malnutrition. Data on American teen-
agers are limited but indicate rates of riboflavin deficiency
ranging from 10% to 30% (McGanity et al., 1969; Kaminetzky et al.,
1973). 1In view of the recent tremendous increase in the occurrence
of teenage pregnancy in this country (Stickle, 1975), more nutri-
tional studies on this particular group are direly needed.

The Ten-State Nutrition Survey (1968-1970) identified ribo-
flavin deficiency as a potential problem for infants and children.
Preschool children in Mississippi (Owen et al., 1969) and children
under 12 years of age from both lower and upper income groups in
New York City (Newman and Martin, 1971) had unacceptable urinary
riboflavin values ranging from 6 to 9%Z. In a more recent survey
(Lopez et al., 1975) 11 out of 100 children ranging in age from a
few days to 14 years who resided in economically depressed areas
of New York City had biochemical evidence of inadequate riboflavin
nutriture.

Undesirably low levels of riboflavin in the urine of teenagers
have been reported to occur at a rate of 7% in Iowa (Hodges and
Krehl, 1965), 5% in Vermont (Morse et al., 1965) and 21% in New
York (Dibble et al., 1965). Sauberlich et al. (1972) evaluated
the riboflavin nutriture of 431 rural Tennessee high school stu-
dents by several criteria: 1) 47% of the adolescents had dietary
riboflavin intakes less than 50% of the National Research Council's
Recommended Dietary Allowance (RDA, 1980); 2) unacceptable urinary
excretion of riboflavin was found in 22% and; 3) the incidence of
inadequate riboflavin nutriture was 117 using the EGR AC assay.

In all these studies riboflavin deficiency was more common in
girls and probably reflects greater food consumption by the boys.

Information concerning riboflavin status in the aged is meager
(Department of Health and Social Security, 1972) and has resulted
in contradictory conclusions. Evaluations of riboflavin nutriture
by measuring whole blood levels or urinary excretion have indicated
a rather low incidence of deficiency (Brin et al., 1965; Brockle-
hurst et al., 1968; Thackray et al., 1972; Morgan et al., 1975)
in elderly subjects despite a relatively high incidence of clinical
signs associated with ariboflavinosis. This discrepancy is likely
due to the insensitivity of whole blood measurements as is borne
out by the observation that riboflavin supplementation does
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alleviate the clinical situation (Dymock and Brocklehurst, 1973).
Failure to confirm the positive therapeutic effects of riboflavin
(Berry and Darke, 1972) probably means that factors other than
riboflavin deficiency caused the observed clinical signs and
symptoms (see Clinical Signs and Symptoms Section). When ribofla-
vin status has been assessed using the EGR AC technique, deficiency
in geriatric subjects has been found to occur in 77 to 327 of this
age group (Glatzle et al., 1970; Hoorn et al., 1975; Kaufmann and
Guggenheim, 1977; Vir and Love,1977).

Diseases can precipitate and/or exacerbate riboflavin de-
ficiency. Ariboflavinosis has been observed in prolonged febrile
illnesses such as rheumatic fever, tuberculosis and sub-acute
bacterial endocarditis, in malignancy, hyperthyroidism, cardiac
failure, diabetes mellitus and diseases of the gastroentestinal
tract (Goldsmith, 1975). Table II summarizes some of the diseases
reported to aggravate riboflavin nutriture.

Perhaps the most common disease known to contribute to mal-
nutrition in developed countriés is alcoholism. Chronic consumption
of relatively large quantities of alcohol can result in riboflavin
deficiency. Low blood levels of riboflavin have been found to occur
in 15% of alcoholics having no liver damage (Leevy et al., 1965a).
Those with fatty livers have essentially the same incidence of de-
ficiency (17%) but the prevalance increases to 25% in those with
cirrhosis. A second complicating illness superimposed on the alco-
holism can increase the rate of riboflavin deficiency to 507%
(Rosenthal et al., 1973).

Recent reports (Butterworth, 1974; Butterworth and Blackburn,
1975) have presented rather alarming evidence that many hospital-
ized patients suffer from malnutrition, some of which is acquired
after being hospitalized. Significant episodes of riboflavin de-
ficiency have been found in patients in hospitals (Brocklehurst
et al., 1968; Vir and Love,1977; Tanphaichitr et al., in press).
In a random sample of 120 hospital patients in New Jersey, 12% had
low levels of riboflavin in their blood (Leevy et al., 1965b).

CAUSES OF DEFICIENCY

The causes of ariboflavinosis can be delineated as being due
to: 1) inadequate intake; 2) decreased assimilation; 3) defective
utilization; 4) increased requirement; 5) increased destruction
and 6) increased excretion. The following examples of causes of
riboflavin deficiency are applicable to nutrients in general.

Good riboflavin nutriture is initially dependent upon the
availability of riboflavin-rich foods and then upon the capability
to obtain those foods in sufficient quantities for consumption.

In developing countries there is often a paucity of food for reasons
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Table II. Riboflavin Deficiency in Disease

Disease References
Cancer Rivlin, 1975a
Cardiac Steier et al., 1976

Pollack and Brookman, 1951
Diabetes mellitus Cole et al., 1976

Jusko and Levy, 1967
Rivlin, 1970b
Jusko et al., 1971
, . Lai and Ransome, 1971
Gastrointestinal and
Biliary Obstruction Tautt, 1976
Rosenberg et al., 1977

Sleisenger and Brandborg,
1977

Hines, 1978

Beisel et al., 1972

Infection Feigin, 1977

Baker et al., 1964
Leevy et al., 1965a
Clarke, 1969b

Leevy et al., 1970
Rosenthal et al., 1973
Mezey, 1978

Liver

. Rivlin, 1968, 1970a,
Thyroid 1970b, 1975b, 1979
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of nature such as drought, floods and insect infestation. However,
in developed countries such as the United States, the difficulty
of being able to purchase an adequate diet is much more of a pro-
blem than availability of food.

Inadequate riboflavin consumption may also be the result of
food habits, traditions, customs and religious beliefs which lead
to the avoidance of riboflavin-rich foods. Pica is one example of
a relatively prevalent food habit (Kaminetzky et al., 1973) that
can reduce riboflavin intake. One of the more popular and less
radical food faddism movements in the United States has been vege-—
tarianism., Most evaluations indicate that vegetarian diets can be
adequate if sufficient thought goes into their planning (Register
and Sonnenberg, 1973). In fact women on vegetarian diets have
been reported to undergo pregnancy without any adverse effects on
themselves or their offspring (Thomas and Ellis, 1977). Many tra-
ditional dietary restrictions apply most often to the nutritionally
vulnerable groups - infants, toddlers, pregnant women, lactating
women, and the sick. In addition, if anorexia is present, there
can be a substantial decrease in food intake.

Commonly employed food processing techniques and storage
practices can result in appreciable losses of riboflavin (Foy and
Mbaya, 1977). Even cooking habits can decrease the availability
of riboflavin present in food. Extensive riboflavin losses of up
to 20% occur when foods are cooked for long periods of time in
large volumes of water which are subsequently discarded (Krehl and
Winters, 1950).

Ineffective digestion and/or absorption of food results in
diminished assimilation. Defective digestive enzymes can also
dramatically reduce nutrient assimilation. A lucid example found
in most Asian people and Blacks is lactase deficiency which leads
to an intolerance of milk, a particularly good source of riboflavin.
Lactase is often the first digestive enzyme to be affected during
illnesses such as diarrhea and protein-calorie malnutrition.

Conditions that cause increased motility and decreased gastro-
intestinal passage time can also result in malassimilation.
Exemplary illustrations of some of these conditions include inges-
tion of laxative agents, antibiotic therapy, infectious enteritis,
blockage of the biliary pathway and certain diseases such as irri-
table bowel syndrome and malabsorption syndrome (see Table II).
Antibiotics may also cause riboflavin deficiency by altering the
intestinal flora and inhibiting bacterial synthesis of riboflavin
(Tuszynsky et al., 1958).

Malabsorption occurs whenever there is appreciable structural
damage and/or a decrease in mucosal cells of the small intestine.
This can occur as the result of ingestion of caustic agents,
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maladies such as tropical sprue and celiac disease, malignancy and
resection of the small bowel (Hines, 1978). Finally, systemic
diseases without primary involvement of the gastrointestinal tract,
such as chronic liver disease and systemic bacterial infection, can
also result in failure of riboflavin absorption (Jusko and Levy,
1967; Feigin, 1977).

Once riboflavin is present inside the body, the vitamin may
not be maximally utilized. This can be caused by disturbances in
hormonal production, e.g. thyroid, ACTH and aldosterone (Rivlin,
1979) as well as insulin. Certain drugs such as oral contraceptive
pills (Briggs and Briggs, 1974; Sanpitak and Chayutimonkul, 1974;
Ahmed et al., 1976b; Newman et al., 1978) and phenothiazine deriva-
tives (Gabay and Harris, 1966, 1967; Horvath, 1976) also appear to
impair riboflavin utilization.

The body's need for riboflavin becomes greater during the
periods of physiological stress that occur during growth, pregnancy
and lactation. Since physiological stress is usually construed as
being normal, its importance is frequently neglected or underesti-
mated in clincial practice. Pathological stress due to diseases
can also be expected to increase nutrient requirements but, this
subject has received little attention and definitive data are not
available.

The treatment of neonatal jaundice with phototherapy has been
observed to result in riboflavin deficiency by causing accelerated
decomposition of the vitamin (Rubaltelli et al., 1974; Gromisch
et al., 1977). 1Indirect evidence of riboflavin deficiency has
similarly been noted in patients with B-thalassemia, another hema-
tologic disease, during hemolytic episodes (Anderson et al., 1976).

Increased riboflavin excretion occurs in all conditions which
produce increased nitrogen excretion, the cause of which may be
attributed solely to the catabolic process of disease such as
burns, uncontrolled diabetes mellitus, hyperthyroidism, systemic
infections, starvation or even simple bed rest (Bro-Rasmussen, 1958;
Tucker et al., 1960; Clarke, 1969b; Beisel et al., 1972; Feigin,
1977). Increased excretion of riboflavin can also be caused by
certain antibiotics and phenothiazine drugs used in treatment pro-
cesses (Goldsmith, 1975; Pinto et al., 1979).

The foregoing clearly points out that the etiology of ribofla-
vin deficiency may range from simple inadequate dietary intake to
complex and multiple causes, complicated by disease. For example,
protein-calorie malnutrition diminishes both riboflavin absorption
and utilization. The ariboflavinosis seen in alcoholics may be due
to generally poor dietary intake or specific effects of alcohol
upon the absorption, metabolic transformations or excretion of this
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vitamin. Systemic infections, even without gastrointestinal tract
involvement, can cause inadequate intake, defective absorption,
increased requirement, poor utilization and increased excretion.

EFFECTS OF RIBOFLAVIN DEFICIENCY

Clinical Signs and Symptoms

Since the first report of human riboflavin deficiency (Sebrell
and Butler, 1938), there have been many experimental studies to
elucidate the clinical symptoms and signs associated with aribo-
flavinosis. The following sections describe the known clinical
manifestations of riboflavin deficiency in man. Other clinical
descriptions include those by Jolliffe et al. (1939), Brocklehurst
et al. (1968) and Goldsmith (1975).

Oral Mucosal and Tongue Alterations, Early symptoms of ribo-
flavin deficiency include soreness of the lips, tongue and mouth
(Lane et al., 1964) and are usually accompanied by difficulty in
eating and swallowing. Pallor develops at the lip mucosa in the
angles of the mouth followed by maceration. The lesions are bi-
lateral and will be covered by a honey-colored crust. They extend
downwardly from the angles of the mouth to the normal skin produc-
ing superficial transverse fissures known as angular stomatitis
or perleche in the older literature. Any lesion resembling angular
stomatitis that occurs only on one side is probably due to infection
from herpes simplex rather than being attributable to riboflavin
deficiency. Ill-fitting dentures can also cause similar lesions
(Goldsmith, 1959), particularly in the elderly (Exton-Smith, 1975).
At about the same time the lips may become swollen and denudation
of the mucosa along the closure line of the mouth often occurs
causing vertical fissures which are called cheilosis. These
lesions may be the result of exposure to weather and have been
found in persons with combined niacin and pyridoxine deficiency
(Mueller and Vilter, 1950).

Glossitis is often seen in riboflavin-deficient persons. In
the early stages the tongue which is normally pink in color becomes
red accompanied by swelling and a burning sensation. It may be
deeply fissured with prominent fungiform papillae at the tip. The
patient may experience sore throat. As the riboflavin deficiency
worsens, the filiform papillae begin shedding in small patches
which gives the tongue a pebbled appearance (Figure 3). In the
next progressive stage the filiform papillae continue shedding
until the tongue becomes smooth (Figure 4). Taste acuity is dimin-
ished at the same time. If the patient does not receive treatment,
the tongue will finally become atrophic. Glossitis is common in
deficiency of many of the B-complex vitamins.
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Fig. 3. Early stage of angular stomatitis. Note the patchy
shedding of the filiform papillae and prominent
fungiform papillae producing a pebbled appearance
of the tongue.

Ocular Changes. Ocular changes due to riboflavin deficiency
were first noted in man by Spies et al. (1939). Sydenstricker
et al. (1940) beautifully described the progress and regress of
the occular manifestation due to ariboflavinosis in patients.
Photophobia and blepharospasm are always the first eye symptoms
followed by conjunctival conjestion. The patients experience a
burning sensation of the eyeballs and a dimness of vision uncorrec-
table by adjustment of the refractive errors. Circumcorneal in-
jection can be grossly visualized and is usually accompanied by
conjunctivitis. Examination by ophthalmoscopes and slit lamps is
helpful in the early diagnosis of the disorder. 1In severe in-
stances, capillary invasion from the circumcorneal plexus into the
cornea will be observed. The capillary growth into the normally
avascular cornea is probably an attempt to compensate for the break-
down of oxidation processes in the corneal cells (Bessey and
Wolbach, 1939). Occasionally, frank iritis can be seen. It is
noteworthy that comparable abnormalities can also be found in
assoclation with trauma, infection and allergic conditions. Some
animal studies have implicated riboflavin deficiency as a causative




36 S. KOMINDR AND G. E. NICHOALDS

Fig. 4. Advanced stage of angular stomatitis and glossitis.
Note the smooth tongue with prominent fugiform
papillae.

factor in cataract formation (Day et al., 1931; Eckardt and Johnson,
1939; Srivastava and Beutler, 1970) but such a relationship has
not been demonstrated in man (Nutr. Rev., 1976).

Dermatological Changes. Another common clinical manifestation
of ariboflavinosis in man is seborrheic dermatitis. Frequently
there is a greasy desquamation in the facial area that occurs in
the naso-labial fold, alae nasi, nasal vestibule and on the ears.
Sometimes the skin around the eye 1lids near the inner and outer
canthi is also involved and is called angular palpebritis.
Seborrheic dermatitis may occur at the scrotum in males and at the
vulva in females (Horwitt et al., 1949). Similar changes often
occur in the adjacent areas of the thighs characterized by redness,
scaling, desquamation and oozing of serum from the superficial skin.
Seborrheic dermatis may also be related to a lack of pyridoxine.

The interpretation of the above dermatological lesions is
complicated by the appearance of similar lesions that have been
described in patients with zinc deficiency. Particular attention
has been drawn to patients who have received long-term total
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parenteral nutrition unsupplemented with zinc (Kay et al., 1976;
Okada et al., 1976). 1In addition to dietary zinc deficiency,
there is a genetically inherited disorder seen in infants and
young children called acrodermatitis enteropathica that also re-
sults in zinc deficiency (Moynahan, 1974) and gives rise to derma-
tological lesions. However, there appears to be no metabolic
interaction between riboflavin and zinc deficiencies (Pallauf and
Kirchgessner,1973).

Neurological Alterations. Burning feet syndrome has been
reported in one patient diagnosed as having malabsorption; the
sensory abnormalities were alleviated within one week by intra-
muscular injections of riboflavin (Lail and Ransome, 1970). A
decrement of hand grip strength has been noted in ariboflavinosis
(Sterner and Price, 1973). Retarded intellectual development and
electro-encephalographic changes have been observed in riboflavin-
deficient children (Arakawa et al., 1968a). In adults, experimental
hyporiboflavinosis may produce behavioral changes such as hypo-
chondriasis, depression, hysteria, psychopathic~deviate and hypo-
mania (Sterner and Price, 1973). The effects of dietary deprivation
on human behavior have been reviewed by Brozek and Vaes (1961).

Hematological Dyscrasia. A few studies have indicated an
indirect role for riboflavin in hematological dyscrasia. Normocy-
tic-normochromic anemia and reticulocytopenia have been induced in
man using a dietary regimen that was not only riboflavin-deficient
but also contained a riboflavin antagonist (Lane and Alfrey, 1965).
Similar hematological findings have also been found to occur in
African children with marasmus and kwashiorkor (Foy et al., 1961;
Kondi et al., 1967). All symptoms of the hematological dyscrasia
that occur in riboflavin-deficient adults, and in children with
protein-~calorie malnutrition, regress after treatment with either
riboflavin or corticosteroid, suggesting the possibility of an
interrelationship between riboflavin deficiency, corticosteroids
and the hematopoietic system. Details concerning the pathophysio-
logy of these abnormalities are discussed in the Pathophysiology
Section.

Pathophysiology

Much recent data have clearly shown that riboflavin nutriture
in man is influenced by numerous factors. At the same time it is
also evident that riboflavin deficiency alters several metabolic
pathways. Figure 5 summarizes the currently recognized interrela-
tionships of riboflavin with other nutrients and the hormonal con-
trol of its conversion to active coenzymes. The following examples
of the pathophysiology of riboflavin deficiency are not intended
to constitute an exhaustive review of the literature but will serve
to highlight major areas of concern where some data are available.
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Fig. 5. 1Interrelationships of riboflavin with other
nutrients and hormonal control.

Hormonal Control. The role of hormones in controlling ribo-
flavin metabolism has just recently been reviewed (Rivlin, 1979).
Several lines of evidence suggest that thyroid hormones augment
flavokinase and FAD pyrophosphorylase activities (Rivlin et al.,
1968; Rivlin, 1970a,b, 1975b), thereby enhancing the conversion
of riboflavin to FMN and FAD. Changes in the activities of the
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above two enzymes and flavin coenzyme levels during hypothyroidism
further support the concept that thyroid hormones play a role in
controlling riboflavin metabolism. This control may extend to that
fraction of flavins bound covalently to tissue proteins (Rivlin,
1979). This interaction is cyclic in that riboflavin deficiency
impairs the synthesis of thyroid hormones.

ACTH and aldosterone have also been shown to enhance the
formation of FMN and FAD in adrenal cortex, liver and kidney
(Fazekas and Sandor, 1971, 1973; Tan and Trachewsky, 1975;
Trachewsky, 1978). As is the case with thyroid hormones, aribo-
flavinosis diminishes steroid biosynthesis by the adrenal glands.
Additional research is needed to clarify the consequences of
hormonal abnormalities concerning riboflavin metabolism.

Vitamin Interrelationships. The clinical signs and symptoms
of ariboflavinosis have often been associated with pyridoxine and
niacin deficiencies (Spies et al., 1939; Mueller and Vilter, 1950;
Vilter et al., 1953; Krishnaswamy, 1971; Iyengar, 1973; Lakshmi
and Bamji, 1974). Patients diagnosed with clinical and biochemical
riboflavin deficiency have been noted to respond positively to
pyridoxine supplementation (Mueller and Vilter, 1950; Iyengar,
1973) even though such therapy does not improve the EGR AC (Lakshmi
and Bamji, 1974). The interrelationships of riboflavin, pyridoxine
and niacin are summarized in Figure 5.

Riboflavin is necessary for the aerobic conversion of pyri-
doxine to pyridoxal phosphate (PLP), the active coenzyme form, as
shown in the following reaction (Wada and Snell, 1961; Sharada and
Bamji, 1972; Anderson et al., 1976).

FMN
PMP Oxidase

Pyridoxamine 5'P04]_

Pyridoxine 5' POy Pyridoxal 5'POy

PMP oxidase has been postulated to be a key control point in pyri-
doxine metabolism (Merrill et al., 1978). Riboflavin deficiency
causes a reduction in PMP oxidase activity which in turn results
in diminished conversion of pyridoxine to PLP (Lakshmi and Bamji,
1974, 1976). 1In very pronounced riboflavin deficiency there is an
accumulation of pyridoxine in the liver but liver and blood levels
of PLP are unaffected. The latter may be due to decreased PLP
phosphatase activity or there may be a FMN-dependent pathway for
the formation of PLP (Lakshmi and Bamji, 1974, 1976).

By virtue of its role in the production of PLP, riboflavin
is also important in tryptophan metabolism and the formation of
NAD. Riboflavin deficiency causes an increased urinary excretion
of tryptophan metabolites (Mason, 1953; Verjee, 1975; Rose and
McGinty, 1968). Depleted body stores of niacin found in pella-
grins show improvement with riboflavin therapy (Spies et al., 1939).
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All of these findings are consistent with the suggestion that a
cellular deficiency of PLP is the basis of the clinical lesions
(cheilosis and angular stomatitis) seen in ariboflavinosis
(Sharada and Bamji, 1972).

Numerous investigations point towards a close metabolic link
between thiamin and riboflavin. In thiamin deficiency there is an
increased urinary excretion of riboflavin (Tucker et al., 1960)
and an increased accumulation of riboflavin in the liver (Singher
et al., 1944; Bamji and Sharada, 1972; Sharada and Bamji, 1972).
In similar fashion riboflavin deficiency results in enhanced liver
thiamin levels (Singher et al., 1944). Thiamin supplementation of
rats fed diets deficient in both thiamin and riboflavin increases
EGR activity and decreases the EGR AC value (Vo-Khactu et al.,
1976). Thus, it appears that a deficiency of either vitamin will
alter the utilization of the other vitamin (see Figure 5).

Interactions between riboflavin and folacin also exist. Ribo-
flavin deficiency causes derangements in folic acid metabolism in
tissue, blood and urine (Miller et al., 1962; Foy et al., 1966;
Honda, 1968; Narisawa et al., 1968; Bovina et al., 1969). A number
of enzymes involving folic acid are also diminished in activity
(Arakawa et al., 1968b; Narisawa et al., 1968). These derangements
in folacin metabolism are probably attributable to reduced activity
of flavoprotein enzymes required for normal utilization of folic
acid (Honda, 1968; Narisawa et al., 1968). Folacin deficiency, on
the other hand, has no effect on blood levels of riboflavin or on
EGR AC values (Bamji and Sharada, 1972).

Serum levels of vitamin By remain unchanged or are elevated
during ariboflavinosis (Lane et al., 1964; Foy et al., 1966; Foy
and Kondi, 1968). The increased blood levels of vitamin Bj2 return
to normal following riboflavin administration and likely reflect
decreased utilization of vitamin Bjj.

General Metabolic Derangements. Flavins are involved in a
variety of oxidation-reduction processes in living cells and are
particularly important in the utilization of carbohydrates, lipids
and proteins (Foy and Mbaya, 1977). Many of the effects of ribo-
flavin deficiency can be explained by abnormalities in hormonal
control of riboflavin metabolism and interaction with other vitamins
as just discussed. Forker and Morgan (1954) noted impaired gluco-
neogenesis in riboflavin deficiency which was normalized by ribo-
flavin supplementation. Such changes in gluconeogenesis accompany
a number of enzymatic and metabolic disturbances and, although
important, cannot be regarded as specific and are probably only
one of several different responses the body makes to a variety of
stresses (Garthoff et al., 1973). There is at the same time an in-
creased accumulation of liver glycogen (Chatterjee and Ghosh, 1967)
during ariboflavinosis, some of which can be attributed to enhanced
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alanine transaminase activity and conversion of alanine to glycogen
(Chatterjee et al., 1966). Increased glycogen stores may also, in
part, be the result of diminished glycolysis due to reduced TCA
cycle metabolism and decreased utilization of thiamin.

Lipid metabolism is particularly sensitive to riboflavin
status. A deficiency of the vitamin prevents the beta-oxidation of
fats and inhibits their utilization. This results in a greatly
increased liver content of triglycerides (Burch et al., 1956;
Sugioka et al., 1969). A reduction in the dehydrogenation of fatty
acids occurs after prolonged riboflavin deficiency and causes
diminished levels of linoleic, linolenic and arachidonic acids in
serum and liver (Mookerjea and Hawkins, 1960; Koyanagi and Oikawa,
1965). Pronounced decreases in fatty acid oxidation occur prior to
the morphological changes in hepatic mitochondrial cristae induced
by riboflavin deficiency (Tandler et al., 1968; Hoppel and Tandler,
1976).

Protein metabolism is also affected by riboflavin deficiency.
When dietary levels of protein are inadequate, the body cannot
retain riboflavin and it is excreted in the urine (Sarette and
Perlzweig, 1943; Bro-Rasmussen, 1958). The ensuing low body levels
of riboflavin in turn result in deranged amino acid metabolism
(see Vitamin Interrelationships Section). Hence, there is a
vicious cycle between protein and riboflavin metabolism. Protein
deficiency results in increased excretion of riboflavin and, in
turn, riboflavin deficiency interferes with protein metabolism
(Foy and Mbaya, 1977). In keeping with these findings, prolonged
ariboflavinosis causes decreases in the levels of DNA and RNA in
liver (Chatterjee et al., 1969).

While the level of protein in tissues is unaltered by ribo-
flavin deficiency (Mookerjea and Hawkins, 1960), the concentration
of the flavin coenzymes and the activities of enzymes that require
FMN and FAD are depressed in most tissues and in the blood (Burch
et al., 1956; Goldsmith, 1975). Some flavin-requiring enzymes are
more sensitive to depletion than others and appear to parallel the
reduction in levels of FMN and FAD. 1In erythrocytes riboflavin
deficiency reduces both EGR and methemoglobin reductase (Beutler,
1969). 1In contrast, liver GR activity is only marginally affectdd
by ariboflavinosis (Bamji and Sharada, 1972). Many non-flavin
enzymes are unchanged or actually increased in activity as a conse-~
quence of riboflavin deficiency (Mookerjea and Jamdar, 1962;
Chatterjee and Ghosh, 1967).

Riboflavin levels in liver diminish at a faster rate than
that in red cells during progressive ariboflavinosis (Bamji and
Sharada, 1972) while kidney flavin levels remain high (Glatzle
et al., 1973). Concentrations of FMN are decreased proportionately
more than concentrations of FAD. This difference in flavin levels
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is likely due to the decreased flavokinase activity and increased
FAD pyrophosphorylase activity that occurs in riboflavin deficiency
(Rivlin et al., 1968; Rivlin, 1970b). Since FAD is required by
more enzymes than is FMN, Rivlin (1970b) has proposed that the

body conserves FAD at the expense of FMN when riboflavin is
limiting.

Hematologic Dyscrasia. Anemia is another consequence of ribo-
flavin deficiency. Most data have shown that ariboflavinosis is
associated with normocytic, normochromic anemia with decreased
erythroid formation in the bone marrow (Foy et al., 1961; Lane
et al., 1964). Since there is no alteration in red blood cell size
or white blood cell morphology, it is unlikely that deranged folic
acid or vitamin Bjy metabolism contribute to this hematologic
defect (Lane et al., 1964, 1965).

Increased red cell fragility has been noted in vitro, but
there is no evidence of a shortened red cell life span in vivo
(Hassan and Thurnham, 1977). The anemia due to riboflavin de~
ficiency is characterized by a selective hypoplasia of the ery-~
throid series of blood cells (Foy et al., 1961; Lane et al., 1964;
Lane and Alfrey, 1965; Foy et al., 1968, 1972; Lane et al., 1975).
In this disorder there is a decreased incorporation of iron into
erythrocytes which is normalized by riboflavin therapy accompanied
by remission of the aplasia.

Interestingly, the same defects have also been found in
African children with protein-calorie malnutrition (PCM). These
hematologic abnormalities respond either to corticosteroid or
riboflavin therapy (Kondi et al., 1967; Foy and Kondi, 1968).
Examination of the adrenal glands in both riboflavin-deficient
baboons and children with PCM reveal similar pathological findings
regarding the presence of focal hemorrhages, fibrosis and cellular
atrophy in various zones (Foy and Kondi, 1968). It appears that
ineffective erythropoiesis in riboflavin deficiency and PCM are
related to defective steroid metabolism. Further study has demon-
strated that corticosteroid levels in blood and urine are lower in
riboflavin deficiency and do not respond normally to ACTH stimula-
tion. All of these findings point to the possibility that ribo-
flavin deficiency causes erythroid hypoplasia by affecting the
production of corticosteroids which in turn, are responsible for
the stimulation of erythropoiesis of the bone marrow.

Neurological Abnormalities. There is some evidence that ribo-
flavin status is important both in peripheral and central nervous
system functions. Observations concerning burning feet syndrome
suggest that riboflavin deficiency may be a factor in causing
diminished nerve conduction as evidenced by reduced sensory per-
ception of temperature, touch and vibration (Lai and Ransome,

1970; Lane et al., 1975) as well as decrement of the hand-grip
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strength (Sterner and Price, 1973). Microscopic and ultrastructural
studies in experimental animals have shown a degeneration of the
myelin sheath of peripheral nerves (Shaw and Phillips, 1941; Street
et al., 1941; Norton et al., 1976) and the posterior columns of the
spinal cord (Street et al., 1941); cellular organelles both of the
myelinated and non-myelinated nerve fibers remained intact. These
abnormalities are possibly due to the deranged B-oxidase of fatty
acids that occurs during riboflavin deficiency; if such is the

case, these abnormalities are not caused by reduced coenzyme B12
status (Frenkel et al., 1979).

Inadequate riboflavin nutriture also appears to alter central
nervous system functions by causing defects in the cellular metabo-
lism of the brain (Nutr. Rev., 1975). These defects manifest
themselves as behavioral and/or electrophysiological abnormalities
(Brozek and Vaes, 1961; Arakawa et al., 1968a; Sterner and Price,
1973). 1If riboflavin deficiency occurs during the critical period
of cellular proliferation in young growing animals, there is a
decrease in the DNA content of brain (Fordyce and Driskell, 1975)
which is not corrected by repletion during or after weaning. Other
studies indicate that riboflavin-deficient rats score lower in tests
of learning ability and that this impairmant is even more pro-
nounced if the ariboflavinosis transpires in utero (Muenzinger
et al., 1937).

Congential Malformation. A popular dictum is that malnutri-
tion in general and ariboflavinosis in particular can complicate
pregnancy and greatly compromise fetal outcome (Balfour, 1944;
Chaudhuri, 1971; Heller et al., 1974; Smithells et al., 1976).
Extensive studies (Warkany and Nelson, 1942; Warkany and
Schraffenberger, 1943, 1944; Warkany, 1975) have shown that ribo-
flavin deficiency in rats provokes widespread metabolic distur-
bances and teratogemnesis. Severe riboflavin deficiency may prevent
conception while moderate deficiency can cause prematurity, con-
genltal abnormalities, fetal resorption and stillbirths. A slight
depletion of riboflavin will not necessarily have any deleterious
effect on the embryo. It is not known if these effects are caused
by the reduced electron transport system activity that occurs in
riboflavin-deficient rats during the critical period of organo-
genesis (Aksu et al., 1968).

A similar relationship between maternal riboflavin deficiency
and fetal malformation has not so far been recognized in man
(Brzezinski et al., 1952; McGanity et al., 1969; Heller et al.,
1974; Rosenthal, 1978). Smithells et al. (1976) have reported the
occurrence of neural tube defects (anenecephaly, meningocele,
hydrocephalus or microcephalus) in six infants who were born to
mothers that had had low blood riboflavin, folacin and vitamin C
levels during the first trimester of pregnancy. The role of pure
riboflavin deficiency in causing the neural tube defects remains
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to be clarified.

Carcinogenesis and Mutagenesis. Riboflavin deficiency has
been suggested to be both a preventive and causative factor in
carcinogenesis (Rivlin, 1975; Foy and Mbaya, 1977). Urinary
excretion of riboflavin tends to be lower in cancer patients
(Bamji and Ahmed, 1978) and may reflect poor dietary intake and/
or increased utilization by the tumor cells. Depriving rapidly
growing tumors of flavin coenzymes vital for metabolism by in-
tentionally producing riboflavin deficiency may prove useful in
the treatment of certain malignancies such as polycythemia vera
and lymphoma (Lane, 1971). In contrast, riboflavin deficiency in
baboons can produce cellular metaplasia which is strikingly similar
to the lesions of primary esophageal cancer in man (Foy and HMbaya,
1977).

Riboflavin may also play a role in mutagenesis. Recall that
phototherapy of hyperbilirubinemia in infants can cause riboflavin
deficiency (Causes of Deficiency Section) except in those neonates
with G-6-P-D deficiency (Lopez et al., 1978). This finding,
coupled with the observation that riboflavin potentiates the effect
of blue light phototherapy by enhancing the rate of bilirubin de-
composition (Kostenbauder and Sanvordeker, 1973; Sanvordeker and
Kostenbauder, 1974; Pascale et al., 1976), provides rather sub-
stantial rationale for riboflavin supplementation. However, the
addition of a physiological dose or riboflavin to either calf
thymus DNA or cultured He La cells which are subsequently irradi-
ated by blue light of the same wavelengths used in phototherapy
results in alterations of the physiological properties of the DNA
(Speck et al., 1975).

Immunology. Animal studies have shown that riboflavin de-
ficiency is accompanied by a reduction in the levels of IgM and
IgG and the number of antibody-forming cells of the spleen
(Pruzansky and Axelrod, 1955; Kumar and Axelrod, 1978). The clin-
ical significance of these observations during periods of in-
fectious illnesses and convalescence with concomitant aribofla-
vinosis is not clear (Beisel et al., 1972; Feigin, 1977). It seems
unlikely that a relatively brief febrile illness in a well-nourished
adult will produce a long-term derangement in vitamin metabolism
(Feigin, 1977) and require vitamin therapy. Chronic illness, how-
ever, is likely to deplete body stores of riboflavin. More know-
ledge about the role of riboflavin deficiency in altering cell
mediated immunity is required to understand the relationship of
ariboflavinosis to infection and even tumor immunology.

Drug Interactions. Certain drugs are known to interfere with
riboflavin metabolism. Examples include phenothiazine (Pinto
et al., 1979), oral contraceptive agents (Briggs and Briggs, 1974;
Sanpitak and Chayutimonkul, 1974), diphenylhydantoin (Saad and
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Shehata, 1978), and boric acid (Roe, 1971; Roe et al., 1972).
Phenothiazine, a major tranquilizer, inhibits the conversion of
riboflavin to FAD by virtue of its structural similarity to ribo-
flavin. This drug causes increased urinary riboflavin excretion
and alters overall riboflavin status resulting in an increased

EGR AC. Since phenothiazine is widely applied in the treatment of
psychotic patients, it is important that more information about its
interaction with riboflavin be obtained.

The effect of oral contraceptive agents (OCA) on riboflavin
status is controversial (Briggs and Briggs, 1974; Sanpitak and
Chayutimonkul, 1974; Ahmed and Bamji, 1976b; Guggenheim and Segal,
1977; Briggs, 1979; Carrigan et al., 1979). This discrepancy
may relate to the women's nutritional status prior to OCA usage.
Decreased blood levels in women taking OCA is apparently not the
result of diminished absorption (Carrigan et al., 1979) but may be
due to a preferential redistribution of riboflavin to the liver
where it is incorporated into flavoproteins (Ahmed and Bamji,
1976a).

Diphenylhydantoin can cause reduced hepatic riboflavin stores
(Saad and Shehata, 1978) and ingestion of boric acid increases
urinary riboflavin excretion. Finally, alcohol ingestion can cause
riboflavin depletion. In none of these examples is the mechanism
known with certainty. It is likely that alcohol interferes with
riboflavin metabolism in several ways (see Causes of Deficiency
Section).

Dietary riboflavin deficiency is known to diminish liver drug
metabolizing capability (Zannoni and Sato, 1976). Thus persons
subsisting on suboptimal amounts of dietary riboflavin, and at the
same time are using one of the above drugs, can be expected to be at
increased risk of developing ariboflavinosis.

TREATMENT

When the presence of riboflavin deficiency has been diagnosed,
treatment by oral administration of 5 to 10 times the daily RDA
for riboflavin usually gives satisfactory results. Larger doses
can be administered with impunity but may not greatly reduce re-
covery time. In those instances where absorption is impaired,
riboflavin may be given intramuscularly or diluted in intravenous
fluid.

The common practice among clinicians to recommend taking 5 mg
of the vitamin two or three times a day is really not warranted.
Regarding therapeutic regimens, multiple doses of riboflavin are
no more effective than a single dose (Garber et al., 1949; Chapman
and Campbell, 1955; Morrison and Campbell, 1960a). Divided doses
produce sustained urinary riboflavin excretion but have no effect
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on the total amount excreted, i.e., dose size has no effect on the
percent of riboflavin absorbed by the body (Melnick et al., 1945;
Morrison et al., 1959).

There is considerable evidence that the pharmaceutical form
of riboflavin has a marked influence on vitamin availability.
Sugar-coated tablets which do not disintegrate in the body within
60 minutes are not completely available for absorption (Chapman
et al., 1954; Morrison et al., 1959). Enteric-coated tablets
behave similarly (Morrison and Campbell, 1960b). Even the light
coatings used on chewable preparations can reduce riboflavin avail-
ability by 50% (Morrison and Campbell, 1962). Despite advertising
claims, time-release vitamin formulations do not maintain blood
levels of riboflavin because most of the vitamin has moved past its
site of intestinal absorption within ninety minutes from the time
of ingestion (Morrison et al., 1960).

Without treatment the clinical lesions of ariboflavinosis
heal poorly (Horwitt et al., 1949). Improvement of the clinical
lesions is generally seen within a few days of therapy followed by
complete healing within 10 days to a few weeks. Biochemical abnor-
malities have been found to improve within 72 hours to a few days
(Greene, 1972; Rosenthal et al., 1973). Actual recovery time is
dependent upon the extent of depletion of total body stores and
the absence or presence of precipitating causes., Maintenance
dosage equal to the RDA requirement should be given to assure opti-
mal intake for a while after the lesions have healed. As men~
tioned previously, since pure riboflavin deficiency is rarely
observed in clinical practice, other nutrients should often be
prescribed concomitantly.

The increased riboflavin requirements of the pregnant woman
can generally be met simply by the consumption of additional
quantities of food to satisfy her extra caloric needs (Committee
on Maternal Nutrition, 1970). Opinions regarding the value of any
further and specific riboflavin supplementation during pregnancy
are divided. On the one hand, a significant percentage of pregnant
women have subclinical riboflavin deficiency (Heller et al., 1974)
and supplementation of deficient diets has improved the clinical
outcome of pregnancy (Brzezinski et al., 1952). On the other hand,
Kaminetzky et al. (1973) did not find that vitamin supplementation
influenced the incidence of riboflavin deficiency and found that
mothers with clinical symptoms of ariboflavinosis can have normal
pregnancies and deliveries with no deleterious effects on their
infants (Brzezinski et al., 1947). Another reason for not supple-
menting is that the crucial period of organogenesis is usually
over by the time that most women seek medical attention; any benefit
of remedial therapy is unlikely (Clarke, 1976). Riboflavin therapy
may be advisable when anemia in pregnancy is being treated (Clarke,
1973b, Ramachandran and Iyer, 1974).
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The usefulness of providing riboflavin supplements to women
using OCA is equivocal. There is certainly no compelling evidence
to indicate that well-nourished women taking OCA develop riboflavin
deficiency. In malnourished women the administration of multi-
vitamins containing 2 mg of riboflavin daily or twice this dose
only during the 7 'mon pill' days in the 28 day cycle, prevented
the OCA effect on riboflavin status but did mot correct the initial
state of riboflavin deficiency that existed prior to the use of
OCA (Bamji et al., 1979). Higher doses of riboflavin may be re-
quired to achieve the latter.

The wisdom of riboflavin supplementation in cases of neonatal
hyperbilirubinemia being treated with phototherapy is questionable
at this time (see Pathophysiology Section). A final decision must
consider the potential risk of mutagenesis.

Treatment of disease is a clinican's primary goal but nutri-
tional support must always be an integral component in the practice
of good patient care. Perhaps the most significant attribute of
good nutrition is the increased resistance to disease and the pro-
motion of optimal growth, repair and maintenance of good health.
Equally important are efforts to minimize and hopefully eliminate
ariboflavinosis. Prevention is always a better alternative than
treatment. Knowledge of food sources, food preparation, absorption,
transport, storage and function of riboflavin is indispensable as
a preventive measure in protecting against severe ariboflavinosis
or reappearance of chronic riboflavin depletion.
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INTRODUCTION

The biosynthesis, physiological functions and catabolism of
L-ascorbic acid (Vitamin C) in man remain topics of great interest
and challenge for the clinical biochemist. L-ascorbic acid is a
water-soluble vitamin, which chemically is a lactone (internal
ester of a hydroxycarboxylic acid) and is characterized by the ene-
diol group which makes it a strongly reducing compound. Ascorbic
acid itself is the most active reducing agent known 'to occur natu-
rally in living tissues., The empirical formula of this vitamin
is CeHgOg. The Levo-ascorbic acid is an active antiscorbutic
substance, while the dextro-ascorbic acid is not (Figure 1). One
of the isomers, D-isoascorbic acid or erythorbic acid, is produced
commercially for use as a food additive. It has the reducing
power of L-ascorbic acid but cannot support growth. L-ascorbic
acid is readily and reversibly oxidized to dehydro-L-ascorbic acid
which retains vitamin C activity (Figure 2). This compound can be
further oxidized to diketo-2-gluconic acid, in a non-reversible
reaction; the compound has no reported biological activity. De-
hydration and decarboxylation can lead to the formation of furfural,
which can polymerize to form brown pigments or combine with amino
acids in the Strecker degradation. The failure of man, non-human
primates, guinea pigs and a few other species of animals to synthe-
size their own vitamin C from glucose is due to a deficiency of an
enzyme -in the liver which converts L-gluconic acid to ascorbic acid.
Thus, for these animals vitamin C is an essential vitamin that is
required in the daily diet. While scurvy is not as common today in
the U.S.A. as compared to a century ago, vitamin C deficiency is
one of the more common vitamin deficiencies, particularly in school-
age children (Tep State Nutrition Survey, 1972).
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SYNTHESIS

Vitamin C is a common and essential nutritional element of all
animals. Except for the invertebrates, fishes, Indian fruit-eating
bat, guinea pig, non-human primates and man, vitamin C can be syn-
thesized by plants and most animals (Figure 3). The emergence of
the biosynthetic ability of amphibians suggests that a greater need
of the vitamin was somehow linked with the evolution of vertebrates
from aquatic to the terrestrial enviromment. It is likely that the
evolution of all lines of vertebrates generally required loss of
some specialization as new specialization came about. It is dif-
ficult to determine why vitamin C is made in the kidney and not
the liver of amphibians. It may be considered that the early am-
phibians started synthesis in an organ where ascorbic acid could
be produced at a high rate. In vitro results show that in the
toads and frogs the activity of the kidney enzyme (L-glucono
oxidase) is much higher than that of the mammalian liver enzyme
(Chatterjee et al., 1975). The amphibians' capacity to synthesize

MAN

NON—-HUMAN PRIMATES
INCAPABLE
GUINEA PIG

INDIAN FRUIT-EATING BAT

MAMMALS

LIVER
AVIANS

(Higher Order)

NS

AVIANS
(Lower Order)

KIDNEY
REPTILES

| AMPHIBIANS

FISHES
INCAPABLE
INVERTEBRATES

Fig. 3. Schematic diagram of vitamin C - synthesizing abilities
of various species of animals in relation to their phylo-
geny (adapted from Chatterjee, 1973).
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vitamin C in the kidney continued in that of the reptiles, but

was then transferred to the liver of mammals. This change in site
of synthesis appeared to have taken place when the vertebrates were
evolving thermoregulatory mechanisms #nd changed from poikilothermic
to homeothermic species. The kidney activities had been altered to
accommodate the necessities of life on dry land with increased
physiological demands such as regulation of calcium, phosphate,
urea and other analytes. Primitive birds retained the ascorbate
biosynthetic activity in the kidney, while the passeriform birds
(i.e., house crow and myna) can be considered transitional, on

the borderline in transferring the biosynthetic capacity from the
kidney to the liver. Thereafter, the ascorbate synthetic capacity
was taken over by the liver of the more evolved passeriform birds,
while a number of other highly evolved passerers are incapable of
producing vitamin C. The failure of the guinea pig, Indian fruit-
eating bat, non-human primates and man to synthesize ascorbic acid
is due to a common defect, namely, the absence of the terminal
enzyme L-glucono oxidase (Burns, 1957). Figure 4 illustrates the
pathway of ascorbic acid synthesis in animals via the glucuronic
acid pathway, the main substrate for biosynthesis being D-glucose.

CATABOLISM

The metabolic fate of ascorbic acid and its derivatives in
animals depends on a number of factors including animal species,
route of ingestion, quantity of material, nutritional status, and,
of course, the compound itself. There appears to be a central
core of metabolism of ascorbic acid that is observed with low
dietary intakes and that is similar from species to species, Excess
ascorbic acid is handled quite differently in different species.
Thus, in man there is a limited intestinal absorption followed by
an efficient urinary excretion of the excess ascorbic acid. In
the guinea pig, some 60-707% of ingested ascorbic acid is rapidly
catabolized to CO;. What, if any, part of the central core me-
tabolism of ascorbic acid is related to the nutritional requirement
for vitamin C is not known. The catabolism to CO, does not appear
to be a required function, since it does not occur in man (Figure 4).

This metabolic path seems well defined in animals through
xylonate and lyxonate, but definite proof for the subsequent steps
and isolation studies on the enzyme involved are not available
(Tolbert et al,, 1975). In particular, the question of whether the
catabolic pathway proceeds through xylitol or through the L-ribulose
to D-xyulose step for the conversion of L to D sugars is unresolved.
In this process ascorbate is first converted to dehydroascorbic acid
by a variety of enzymic and nonenzymic processes in animals. No
specific ascorbic acid oxidase has been reported in animals. Enzymic
delactonization of dehydro-L-ascorbic acid has been studied in animal
tissue (Kagawa et al., 1961; Kagawa and Takiguchi, 1962). The enzyme
is present in ox, rabbit, rat, and guinea pig livers, but is
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essentially absent in monkey and man, a result consistent with the
absence of 1"COz production for ascorbic-1-'*C acid in man (Baker

et al,, 1966). 2,3-Diketogulonate decarboxylase has been studied

in vivo and in vitro (Kagawa and Takaguchi, 1962) and the products
shown to be L-xylonate and L-lyxonate. It is a widely distributed
enzyme, probably present in all animals, including man.

Another pathway for the catabolism of ascorbate is by C(2)-C(3)
carbon chain cleavage, to give oxalate and a 4-carbon intermediate,
This pathway appears in all animals and represents about 4-107% of
the essential catabolism of ascorbate in man. Banay and Dimant
(1962) used double labeling to show that the 2 carbons of oxalate
come from the C; and C2 carbons of ascorbate. It is commonly sug-
gested that oxalate is produced from 2,3-diketogulonate, because
oxalate is formed in the spontaneous decomposition of ascorbic
acid solutions.

The 4-carbon metabolites of ascorbic acid from C(2)-C(3)
cleavage do not appear to be extensively catabolized in man, because
very little of the label from ascorbate-4->H gets into the body
water pool (Tolbert et al., 1967). In guinea pigs the body water
pool is extensively labeled by ascorbate-4-°H, probably by the
catabolism of a 5-carbon compound formed by decarboxylation of
2,3-diketogulonate. Even so, threonate and threonolacetone are
also present in guinea pig urine, probably derived from the oxalate
path for ascorbate catabolism, including that of man (Baker et al.,
1971).

Ascorbate-3-sulfate has recently been shown to be a metabolite
of ascorbic acid in urine of animals (Baker et al., 1971). The
rapid clearance of ascorbate sulfate in blood is one of the possible
reasons for the absence of antiscorbutic effect with ascorbate
sulfate in the guinea pig. Ascorbate sulfate is ineffective in
preventing or curing scurvy in guinea pigs whether given orally
or by injection. A role of ascorbate sulfate as a sulfating agent
has been demonstrated in biological systems (Bond, 1975), but
further work in this area is needed.

PHYSTOLOGY

Collagen Metabolism

Direct involvement of ascorbic acid in collagen synthesis is
well known and represents, perhaps, the most clearly defined bio-
chemical role of this vitamin. The function of ascorbic acid in
collagen synthesis has been reviewed by a number of investigators
(Barnes and Kodicek, 1972; Barnes, 1975).

Studies in isolated collagen-synthesizing systems have demon-
strated that ascorbic acid participates in the synthesis of collagen
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hydroxyproline and hydroxylysine, both of which are formed by the
hydroxylation of particular prolyl and lysyl residues previously
incorporated into peptide linkage during the process of ribosomal
collagen protein synthesis. The precise mode of action of the
vitamin in these hydroxylations has yet to be elucidated.

The need for ascorbic acid as a reductant in vitro in these
reactions is not highly specific. Because of this lack of speci-
ficity, the possibility existed that compounds other than vitamin C
might perform this function in vivo and that impaired collagen
synthesis in scurvy might imply a role for ascorbic acid in collagen
metabolism other than one in hydroxylation. There appears to be
no evidence, however, for the participation of other reductants in
the hydroxylation mechanism in vivo. Studies in scorbutic guinea
pigs have indicated that hydroxylation at least of peptidyl proline
is impaired in vivo in ascorbic acid deficiency, and it is possible
that this is the primary lesion in collagen synthesis in scurvy.

Nevertheless, hydroxylation of collagen proline in vivo is only
slightly impaired in scorbutic animals. There is no evidence for
the occurrence of a substantially underhydroxylated moiety. It
is believed that a slight additional reduction beyond an initial
5-10%, which does not appear to impair collagen function, causes
a lack of formation of the triple helical structure of collagen
with consequent degradation of the unassociated a-chains. Accu-
mulation of the latter within the cell may also cause a feedback
inhibition of further collagen protein synthesis. The continuous
absence of accumulation of unhydroxylated material in the tissues
of scorbutic guinea pigs may be attributable to reduced collagen
protein synthesis, which is regarded as a secondary feature
of impaired hydroxylation.

Lipid Metabolism

In the last few years, there has been considerable interest
in vitamin C and its role in lipid metabolism and atherosclerosis.
In this regard vitamin C seems to be involved in at least two
systems: the maintenance of vascular wall integrity and the
metabolism of cholesterol to bile acids.

The etiology of atherogenesis has not been fully elucidated.
However, there appear to be several possible mechanisms for -the
initial development and progression of the arterial vascular disease;
one possible common denominator being a change in vascular wall
permeability (Gore and Stefanovic, 1967). Since collagen is a major
component in the arterial blood vessel, it is not unreasonable
to suspect that a dysmetabolism of collagen may later alter the
arterial wall structure and ultimately affect vascular wall perme-
ability, predisposing the blood vessel to the development of
atherosclerotic lesion.
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The guinea pig, like man, non-human primates, certain birds
and the Indian fruit-eating bat, but unlike most other species,
cannot synthesize vitamin C and is therefore dependent upon exo-
genous sources for meeting its daily requirements. It has been
reported that there is an inverse relationship between liver
ascorbic acid concentration and hepatic cholesterol concentration
in guinea pigs (Ginter and Ondreicka, 1971; Ginter et al., 1967).
Cholesterol accumulation in the liver during low ascorbate intake
did not appear to originate from increased synthesis or absorption
during times when liver ascorbate was low. However, decreased
liver ascorbate appeared to decrease the conversion of cholesterol
to bile acids for excretion via the bile (Ginter et al., 1971).
Vitamin C may be a necessary cofactor for the hydroxylation of the
cholesterol nucleus to form bile acids. It was concluded that
this decreased rate of cholesterol catabolism and excretion leads
to hypercholesterolemia,

There is a wide divergence of opinion concerning the signifi-
cance of vitamin C levels in relation to atherosclerosis in human
beings. Willis (1953) noted that there frequently was a deficiency
of ascorbic acid in the arterial wall of hospitalized patients,
and that old age seemed to accentuate the deficiency. He also
noted that the lowest levels were in areas most prone to develop-
ment of atherosclerosis (Willis and Fishman, 1955). Sokoloff et
al. (1967) reported that of 20 atherosclerotic, hypercholesterolemic
patients, the serum cholesterol decreased 30 percent and the
R-lipoprotein decreased 25 percent after a 30-day course of 0.5 g
of ascorbic acid three times a day. Normal subjects showed a
significant decrease in serum cholesterol levels when 1.0 g ascorbic
acid was added to theri diet, while those with atherosclerosis
receiving clofibrate for treatment of hyperlipidemia or anticoa-
gulant therapy tended to show increased cholesterol levels with high
vitamin C intake (Spittle, 1972). Young, normal subjects, when
given 1.0 g ascorbic acid per day for 6 weeks in addition to
their usual dietary intake, failed to show any significant change
in serum cholesterol level (Anderson et al., 1972). Ginter et al.
(1970) found decreased plasma cholesterol levels after ascorbic
acid therapy in hypercholesterolemic subjects (>200 mg/dl) with
initial low blood ascorbic acid concentrations. In another study
Ginter (1975) reported that 1 g of ascorbic acid daily for a period
of 3 months given to subjects 50-75 years of age with a mean
serum cholesterol concentration of <200 mg/dl had no effect on
plasma cholesterol. Peterson et al. (1975) administered 4 g of
ascorbic acid daily for 2 months to hypercholesterolemic patients
and found no effect on serum lipids.

Since there are conflicting reports on the effects of ascor-
bate on serum cholesterol levels, we examined the relation of
varying intake of ascorbate on serum lipid levels in the guinea
pig and in human beings.
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First of all, it should be recognized that some of the con-
fusion in the literature appears to be related to the fact that
several studies focused upon acute avitaminosis C rather than
chronic hypovitaminosis C. Furthermore, the studies used different
means of ascorbate administration (via drinking water, gastric
intubation, or intraperitoneal injection). Another factor that
may have influenced the results is the vehicle that was used in
the vitamin C solution. Some investigators used ascorbate in water
while others used sucrose to increase the palatability of the
ascorbic acid. In the present study, a commercial source was
used (Ce-Vi Sol from Mead Johnson and Co., Evansville, IN), in
which ascorbic acid was diluted in a glycerine solution to minimize
the oxidation of L-ascorbate to dehydroascorbate, a reaction that
occurs extremely rapidly. It is possible that those who provided
ascorbate in the drinking water did not obtain the effect of
ascorbate, but rather that of dehydroascorbate. Furthermore, when
vitamin C is provided in drinking water bottles, it is not possible
to predict the exact amount of ascorbate intake, because there
is much spillage when the guinea pigs drink. There is also the
problem of varying water intake by different animals.

In the first experiment, an acute vitamin C deficiency study
was made by feeding 10 adult male guinea pigs (English short-hair
strain) a chow diet (Reid-Briggs guinea pig diet, ICN Pharmaceu-
tical Inc., Cleveland, OH) completely devoid of vitamin C (Table 1).

Table 1. Composition of the Reid Briggs Guinea Pig Dieta’b

Nutrients Percent (By Weight)
Vitamin-free casein 30.0
Starch, corn 20.0
Alphacel 15.0
Sucrose 10.3
Glucose 7.8
Corn 0il 7.3
Salt Mixture 6.0
Potassium acetate 2.5
Vitamin fortification mixture® 0.6
Magnesium oxide 0.5

SReid and Briggs (1953).

Semi-synthetic diet was made by ICN Pharmaceutical Inc.,
Cleveland, OH.

Vitamin C fortification normally consisting of 0.2 percent
(by weight) was omitted when the scorbutogenic diet was
made.
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Ten age-matched control male guinea pigs fed a guinea pig chow
containing vitamin C were used to obtain baseline values. Ascor-
bate content in tissues and sera was measured by the method des-
cribed by Roe and Kuthner (1943). All lipid analyses were done
on fasting samples. A detailed description of the methods is
described elsewhere (Naito and Gerrity, 1979)., The results are
presented in Table 2. After 2 weeks on the experimental diet,

Table 2. Effects of Acute Avitaminosis C (X + 8.D.)?

b

Initial Day O . b Signifi~

Analytes (Baseline Values) Final Day 14 cgnce

Total weight change 925 + 68 -47.3 + 33.0 P<0.05
(grams)

Serum Ascorbate 0.64 + 0.41 0.052 + 0.04 P<0.01
(mg/d1)

Urine Ascorbate 1.37 + 0.79 0.86 + 0.55 N.S.
(mg/dl)

Liver Ascorbate 12.37 + 6.11 1.15 + 0.38 P<0.01
(mg/100 g wet wt.)

Adrenal Ascorbate 86.77 + 29.22 8.05 + 2.45 P<0.01
(mg/100 g wet wt,)

Spleen Ascorbate 36.11 + 11.8 4.17 + 0.6 P<0.01
(mg/100 g wet wt.)

Serum Cholesterol 44.7 + 13.3 58.0 + 4.4 N.S.
(mg/d1)

Liver Cholesterol 302.6 + 62.8 328.8 + 26.5 N.S.
(mg/100 wet wt.)

Serum Triglycerides 61.8 + 26.7 146.6 + 50.3 P<0.1
(mg/d1)

2Animals were fed the Reid-Briggs guinea pig scorbutogenic
diet for 14 days.

cN=10 animals per group.

Students t-test

signs of acute scurvy were demonstrated by microhemorrhages of

the small blood vessels of the tibia-femur joint. After 2 weeks
on the scorbutogenic diet, there was a significant reduction in
body weight. The level of vitamin C in most organs reached scor-
butogenic levels. However, the acute avitaminosis C condition

did not appear to be associated with changes in serum lipid levels,
Because the animals demonstrated signs of metabolic distress

(i.e., stopped eating, loss of body weight, and lethargy), it
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appears that these types of acute studies may yield misleading
lipid results. This was confirmed after examination of data
that was collected by repeating the experiment; it was found
that the avitaminosis C condition resulted in a 217 elevation
of the serum cholesterol concentration rather than no change as
observed in the first study (unpublished report).

The following study was designed to examine the chronic ef-
fects of varying levels of vitamin C (Ce-Vi Sol) intake on serum
and liver cholesterol concentration in adult male guinea pigs fed
either a chow diet or a 2.0% cholesterol (by weight) supplemented
chow diet. The experimental design is presented in Table 3.

Table 3. Experimental Design —-- Effects of Varying Levels
of Vitamin C Inta%e With and Without Cholesterol
Supplementationa’

Ascorbate
Intake Group Diet
mg/animal/day
0.5 Hypovitaminosis C Vitamin C Free,
no cholesterol
0.5 Hypovitaminosis C Vitamin C Free,
cholesterol
5.0 "Experimental Control" Vitamin C Free,
no cholesterol
5.0 "Experimental Control" Vitamin C Free
cholesterol
50.0 Hypervitaminosis C Vitamin C Free,
no cholesterol
50.0 Hypervitaminosis C Vitamin C Free,
cholesterol
Normal Control Chow

8pdult Male Guinea Pigs (N=6 animals/group).

Animals were fed the Reid-Briggs guinea pig chow diet with
0.2 g% (w/w) vitamin C fortification.

cholesterol = 2.0% (by weight) supplementation.

Since it has been reported that 5-10 mg/animal/day is the recom-
mended requirement for vitamin C for adult guinea pigs (Banerjee
and Singh, 1958; Ginter and Ondreicka, 1971), that daily dose

was arbitrarily adopted for the present studies. They are referred
to here as "experimental" controls. The 0.5 mg/animal/day group,
then, was considered hypovitaminosis C group, and the 50
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mg/animal/day was considered hypervitaminosis C group. A fourth
group (control) was fed the standard guinea pig diet (Reid-Briggs),
which contained about 0.2 g percent of vitamin C (by weight). The
First three groups were fed the Reid-Briggs scorbutogenic diet
(Table 3) and were given daily vitamin C via gastric intubation
for 6 weeks, after which time the study was terminated. After
removing 2.5 ml of blood (for lipid studies) via the jugular vein,
an equal amount of Evans blue dye was infused and allowed to
circulate for 2 hours while the animals were under amytol anes-—
thesia. The animals were then sacrificed and the tissues removed,
frozen with liquid nitrogen, and stored until analyzed. The aorta
was quickly removed, rinsed in buffered 1.37% formaldehyde solution,
and cut longitudinally, and the intima was examined for Evans

blue uptake.

The effects of different levels of vitamin C intake on body
weight, serum and liver ascorbate, and cholesterol concentrations
of guinea pigs fed a low-cholesterol diet are shown in Tables 4
and 5. All animals gained body weight except the hypovitaminosis
C group, which lost weight. The liver ascorbate concentration
correlated positively with the increasing dietary intake of
vitamin C, while the serum ascorbate levels did not. It is inter-
esting that the 50 mg vitamin C group had a hepatic ascorbate
concentration similar to that of the control group. Through feed-
intake studies, it was estimated that 40-50 mg of vitamin C was
consumed per day by the control animals on the Reid-Briggs chow
diet containing 0.2% vitamin C (by weight). The presumed euvita-
minosis C group, 5 mg/day, had a significantly lower liver vita-
min C content than the control group. The serum cholesterol level
was lowest in the 50 mg/day group and highest in the 0.5 mg/day
group, suggesting an inverse relationship bewteen vitamin C intake
and serum cholesterol level. The hepatic cholesterol was higher
in all three experimental groups when compared to the control
group, but the 0.5 mg/day group had the most accumulation of
hepatic cholesterol.

In another study, the Reid-~Briggs chow diet supplemented with
2% cholesterol (by weight) was fed to three groups of guinea pigs
provided with different levels of vitamin C for 6 weeks. The
control group from the previous study was also used for this study.
The 50 mg/dl group maintained body weight, whereas the 5.0 and
0.5 mg/day groups lost weight (Table 5), It appears that with
a high cholesterol diet, the consumption of larger amounts of
vitamin C may be necessary to prevent the loss of body weight.
Like the group fed the low-cholesterol diet, those groups of
guinea pigs fed the high-cholesterol diet and given varying daily
amounts of vitamin C via stomach intubation showed a positive
correlation with the intake and hepatic ascorbate levels, but not
with the serum ascorbate concentration (Table 5). Thus, it
appears that while the serum ascorbate level is not a good index
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for vitamin C intake, hepatic ascorbate levels are. Again the

50 mg/day group had a hepatic vitamin C content comparable to

that of the controls., Feeding the 27 cholesterol diet resulted

in an increase in serum cholesterol levels in all three experimen-
tal groups as compared to animals on a chow diet alone (Table 5).
The data suggested that an inverse relationship existed between
vitamin C intake and serum cholesterol level. However, even the
intake of 50 mg/day was not sufficient to normalize the serum
cholesterol levels. Similarly, the high vitamin C intake had little
effect on the accumulation of hepatic cholesterol. The Evans blue
dye study indicated that the guinea pigs fed the no-cholesterol
diet showed no evidence of dye uptake. However, about 30% of

the animals in the 0.5 and 5.0 mg ascorbate per day groups fed

2% cholesterol showed evidence of Evans blue uptake, as exhibited
by areas of streaking in the thoracic aorta. The 50 mg/day group
and the control animals did not demonstrate any Evans blue uptake
by the intima. It can be concluded from this study that:

a. Liver ascorbate level correlated with the amount of oral
intake of vitamin C, while the serum ascorbate level
did not.

b. Five mg vitamin C per animal per day was not an adequate
amount for maintaining normal health and body weight in
this strain of guinea pigs; 50 mg per animal per day may
have represented a more adequate intake.

€. Cholesterol feeding caused a loss of body weight, par-
ticularly in the animals with insufficient vitamin C
intake.

d. Vitamin C insufficiency caused an increase in serum
and hepatic cholesterol concentrations over a 6-week
period in both cholesterol-fed guinea pigs and those
fed no cholesterol.

e. About 1/3 of the animals in the 0.5 and 5.0 mg ascorbate
per day groups fed the cholesterol diet showed Evans
blue uptake in the thoracic aorta. The guinea pigs
receiving no cholesterol showed no indication of such
changes. The 50 mg ascorbate per day group fed choles-
terol also showed no uptake of Evans blue.

f. This study suggested that vitamin C, in some way, does
influence cholesterol metabolism in guinea pigs. Further
studies are necessary to precisely define the role of
vitamin C in cholesterol metabolism and arterial wall
integrity.

It appears that a bolus dose of 50 mg vitamin C via stomach
intubation provided a sufficient amount of ascorbate to maintain
hepatic vitamin C levels comparable to those of control animals
who had vitamin C fortified in their diet. By bolus dose, it is
difficult to determine how much vitamin C was actually absorbed
by the gastrointestinal tract. The level of 8-9 mg ascorbate
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per 100 g liver probably represents the saturated level. The
question arises whether two 25 mg doses or five 10 mg doses per
day lead to greater coefficient of absorption of vitamin C, thus
leading to more effective action of ascorbate on cholesterol
metabolism.

Since the 50 mg/day dose was neither effective in inhibiting
the rise of nor lowering the serum cholesterol levels in the
cholesterol-fed pigs, it would be interesting to determine whe-
ther the pharmacological or mega dosages, i.e., 250 or 500 mg/day
vitamin C, can be effective, However, because our attempts to
administer 250 mg/day to the animals were associated with diarrhea,
it appears to be physiologically unpractical to experiment with
higher dosages.

Results of our study with the guinea pigs suggest that insuffi-
cient vitamin C intake causes a rise in serum cholesterol concen-
trations. Since scurvy or hypovitaminosis C in man is rare today,
it is difficult to extrapolate the usefulness of these animal
studies to man. It is probably more important to know whether
large dosages can act as hypocholesterolemic agents in man,
especially when previous studies are in conflict (Willis and
Fishman, 1955; Sokoloff et al., 1967; Spittle, 1972; Anderson

Period Period Period Period
0 1 2 3

Time Period 2-3 4th ‘
1st Weeks Week End of End of End of
Week | Later |(Time Zero) 10th Week 16th Week 22nd Week

No Vitamin C or Placebo On Off Vitamin On Vitamin
Treatrient (Maintain Regular Diet) Vitamin C C (Placebo) [

2nd | 4th [6th | 2nd [4th 6th | 2nd | 4th | 6th

Physical exam X X X X

Dietary history Briefing X X X X

Laboratory tests
(need blood and urine)

Cholesterol From chart X X X X X X XX X x| x

Triglyceride From chart X X X X X X XX X Xl x

Phospholipid X X X X X X X|x X XX

Lipoprotein electrophoresis| From chart X X X X X X X|x X X|x

Total protein From chart X X X X X

Protein electrophoresis From chart X X X X X

SMA-12/60 From chart X X X X X

SMA-6/60 (kidney profile) From chart X | X X H H

Thyroxine From chart X X X X X

Ascorbate X X X x| x X X x| x X X|x

n = 6 subjects/group
Male only

Fig. 5. Experimental design of vitamin C study on Type IIa hyper-
lipoproteinemic subjects: Group A.
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Period Period Period Period
0 1 2 3

Time Period 2-3 4th
1st Weeks Week End of End of End of
Week | Later | (Time Zero) 10th Week 16th Week 22nd Week

Jo Vitamin C or Placebo Off vitamin On Off Vitamin
Treatment {Maintain Regular Diet) C (Placebo) Vitamin C C (Placebo)

2nd |4th [6th | 2nd |4th | 6th | 2nd |4th | 6th

Physical exam X X X X

Dietary history Briefing X X X X

Laboratory tests
(blood)

Cholesterol . From chart X X X X1 X X x| X X X1 X

Triglyceride From chart X X X XX X X[ x X X1

Phospholipid X X X X[ x X X[ x X Xix

Lipoprotein electrophoresis| From chart X X X Xp X X X[ x X X[ X

Total protein From chart X X X X X

Protein electrophoresis From chart X X X X X

SMA-12/60 From chart X X X X X

SMA-6/60 (kidney profile) From chart X X X X

Thyroxine From chart X X X X X

Ascorbate X X X X Xjx X x| x X XX

n = 5 subjects/group
Hale only

Fig. 6. Experimental design of Vitamin C study on Type IIb hyper-
lipoproteinemic subjects: Group B

et al., 1972; Ginter et al., 1970; Ginter, 1975; Peterson et al.,
1975) as discussed earlier.

The following study was designed to determine whether one
gram (500 mg in the morning and 500 mg in the evening) of vitamin
C intake per day would lower serum lipids in persons with hyper-
B-lipoproteinemia (types IIa and IIb). The double blind, double-
crossover experimental design is shown in Figures 5 and 6. The
ten male participants (mean age = 45 years; all had cholesterol
concentration >300 mg/dl) were divided into two groups, one of which
(A) started with the vitamin C period first (two 250 mg tablets in
the morning and two 250 mg tablets in the evening), followed by the
placebo period (calcium lactate) and ending with the vitamin C
period. Group A consisted of type IIa hyperlipoproteinemic sub-
jects, while group B consisted of participants with type IIb hyper-
lipoproteinemia. The second group (B) started with the placebo
period first, followed by the vitamin C period and ending with the
placebo period. Each period but the baseline period (4 weeks)
lasted 6 weeks., A baseline period when blood samples were taken
about 2 weeks apart was set up at the initiation of the experiment.
During each of the three experimental periods, fasting blood
samples were collected at 2-week intervals. The mean levels
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the parameters measured of the three bleedings for each period
were used to express the effect or lack of effect of vitamin C.
Since the participants were free-living, a dietary history was
recorded by a dietitian by 3-day detailed record keeping each week.
The composition of the dietary intake was calculated using tables
from Feeley et al. (1972), Watt and Merrell (1963) and Church

and Church (1977). The results are presented in Tables 6 and 7.
The dietary intake study indicated that the caloric intake, percent
of calories as carbohydrates, proteins, fat, alcohol, as well as
the ascorbate (besides the vitamin C tablets) and cholesterol
intake during each of the four periods (baseline periods 1, 2

and 3 were not statistically different from each other in both
groups A and B, The low cholesterol intake is due to the low-
cholesterol diet that the subjects were ingesting. The effect of

1 g of vitamin C per day on serum lipids is shown in Table 8,
Despite a 2.5 to 3-fold elevation in serum ascorbate levels during
the vitamin C periods (compared to baseline), the serum choles-
terol, triglyceride and phospholipid concentrations did not change
in either group A or B. To ensure that all the participants
consumed the placebo and vitamin C each day during the study, a
pill count was made every 2 weeks when they came in for bleeding
and physical examination. Compliance on the pills was 98% in group
A and 997 in group B during the entire study. Because high dosages
of vitamin C intake may result in oxylate stone formation in the
kidneys (Barness, 1975) and electrolyte imbalances (Lewin, 1974),
18 different analytes were monitored on the Technicon SMA 12/60
and 6/60 (1973). The results (Tables 9-12) indicated that little
change in the concentration of the various analytes occurred
during the different experimental periods. In addition, there

was no change in body weight, blood pressure, or serum thyroxine
concentration (in either group) during the different periods.

This study indicates that in adult male individuals with hyper-
B-lipoproteinemia, large intake of vitamin C does not appear to

be effective in lowering serum lipids. This does not negate

the possibility that during insufficient vitamin C intake derange-
ment of lipid and lipoprotein metabolism can occur.

Hematopoiesis

In addition to the above physiological functions, vitamin C
plays a number of roles that relate to hematopoiesis. Although
anemia is not a prominent component of clinical scurvy, it does
occur in some instances for a variety of reasons. Ascorbic acid
is a potent reducing agent and as such it enhances absorption of
iron and inhibits absorption of copper from the digestive tract
(Hodges, 1976). It also facilitates the transfer of iron from
transferrin to ferritin. Ascorbic acid aids in formation of
active compounds from tetrahydrofolates by linkage of the N° or
N!'® position to formyl, hydroxymethyl, methyl or formimino groups
(Stokes et al., 1975). Massive doses of ascorbic acid, however,
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may have an adverse effect upon the availability of vitamin B;»
(Herbert and Jacob, 1974)., Whether this proves to be of clinical
significance remains to be determined.

By inference if not by established fact, vitamin C is thought
to have a number of other functions related to hematology. Blood
clotting activity is obviously impaired in scurvy as manifested
by petechial hemorrhages and ecchymoses, bleeding gums and hemar-
throses. Despite claims that one or another of the blood clotting
factors may be impaired by lack of vitamin C other investigators
are unable to demonstrate any specific abnormalities of blood
clotting in scorbutic subjects although the patients may have
had obvious bleeding. It is true, however, that large amounts
of ascorbic acid can reverse the anticoagulant effects of either
heparin in vitro or dicumarol in vivo (Signell and Flessa, 1970).

One explanation for the bleeding that occurs in patients
with scurvy is lack of "intercellular substances" leading to
capillary leakage of blood. Biopsies of skin and subcutaneous
tissues from men with scurvy examined by electron-microscopy
failed to provide support for this theory (Hodges et al., 1969).
Furthermore Wolback's original article describing intercellular
substances probably related to collagen fibers that lie between
fibroblasts, not "intercellular cement", although he tended to
agree with previous workers who coined this term (Wolback and
Howe, 1926).

Sparing Effect on Other Vitamins

Ascorbic acid is known to have a sparing effect on several
other vitamins including those of the B complex group, vitamin A
and vitamin E, This may be related primarily to its role as an
antioxidant.

Common Cold

Vitamin C has been a popular medication for preventing the
common cold and reducing the severity of cold symptoms for many
years. Pauling's book on the subject has led to even further
use of vitamin C, in even larger doses (Pauling, 1970)., Most re-
searchers today find that megadosages of vitamin C appear to have
little beneficial effect in terms of cold prevention in normal,
healthy individuals eating a balanced meal. Lewis et al. (1975),
for example, studied a population of 2,500 employees at the National
Institutes of Health and found that 3,000 mg of vitamin C intake
did not reduce the incidence of the common cold when compared
to the group receiving the placebo. This is in agreement with
the double-blind trial findings of Coulehan et al. (1974), Anderson
et al. (1972) and Wilson and Loh (1973) that vitamin C does not
have a prophylactic effect with doses ranging from 500-2,000 mg
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per day. Likewise, vitamin C in 1.5 to 3 gram supplements has
failed to prevent colds induced by intranasal rhinovirus innocula-
tion (Sasaki et al.,, 1973; Schwartz et al., 1973). This does

not eliminate the possibility that inadequate intake of vitamin C
may make a person more susceptible to acquiring the common cold

or upper respiratory infections or syndromes. It should also be
pointed out that an adequate ascorbate intake for a normal, healthy
individual is not an adequate intake for chronically ill patients
or females taking oral contraceptive pills or during pregnancy.

The human requirement for vitamin C is increased during preg-
nancy., It appears to be increased in persons ingesting oral
contraceptive steroids. The rationale for increased requirements
is based primarily on the findings of a downward trend in plasma
ascorbic acid concentrations in successive trimesters of pregnancy
and decreased plasma, white cell, and platelet ascorbic acid
concentrations in women taking oral contraceptives (Rivers and
Devine, 1975),

The 1974 recommended dietary allowances (RDA) for vitamin C
is 60 mg/day for pregnant women and 80 mg/day for lactating women.
According to the data of Rivers and Devine (1975), this suggested
RDA during pregnancy and lactation may be markedly underestimated.

Stress

During the past decade vitamin C has become the most heavily
consumed vitamin, following revivals of the belief in its pro-
phylactic action on various diseases. In stress, vitamin C once
held a position of preeminence. Not only is ascorbate abundant
in the adrenal cortex, but its concentration fails promptly after
administration of adrenal corticotropic hormone (ACTH). It is
not known, however, if ascorbate is a necessary component of ste-
roidogenesis. On the contrary, accumulated evidence summarized
in man and experimental animals appears to militate against the
facilitating role of ascorbate in adrenal steroidogenesis (Kitabchi
and West, 1975). This is confusing in light of the fact that
vitamin C is found to be involved in the formation of norepinephrine
from dopamine and in the conversion of tryptophan to 5-hydroxyptophan
which is the first step in the synthesis of serotonin (Thoa and
Booker, 1963; Sulkin and Sulkin, 1967; Bhagat et al., 1966; Thoa
et al., 1966; Abboud et al., 1970; Cooper, 1961). Since two of
the important neurotransmitters are dependent upon ascorbic acid,
it is possible that vitamin C may have an important role in the
observed fatigue, weakness and vasomotor instability in scorbutic
patients. Fuller et al. (1971) have shown that vitamin C deficiency
in guinea pigs causes greater susceptibility to endotoxin shock.
This was expressed by a high mortality rate in scorbutic animals
within the first hour following sublethal dose of endotoxin admin-
istration. Morphologic changes in the animals which died from
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the shock were most severe in the lungs and myocardium.

On the other hand, supplementation of vitamin C intake may
not necessarily aid a per'son in stress, Rats forced to swim in
ice water were reported to survive longer if they were given
supplements of ascorbic acid. Subsequent studies generally failed
to confirm the "anti-stress' actions of ascorbic acid in man.

Army troops transported to the top of a mountain where they were
subjected not only to high altitude hypoxia, but also to cold and
sleeplessness, nonetheless metabolized radioactively labeled
ascorbic acid at a normal rate. Other studies showed that athletic
performance did not improve following massive doses of vitamin C
(Ryer et al., 1954a, 1954b).

Prior to World War II, vitamin C in moderate doses was recom-
mended as a means to temporarily increase the "high-altitude re-
sistance" of pilots, airplane passengers and mountaineers (Petersen,
1941). However, Pfannenstiel (1938) and Doerholt (1938) also
reported that larger doses of vitamin C actually diminish the high-
altitude resistance. Thus, rabbits that had been given large amounts
of sodium ascorbate intravenously (100 mg each day for four days,
an additional 200 mg 30 minutes before the experiment) developed
convulsions typical of hypoxia with unprecedented violence in low-
pressure chambers under conditions that were well tolerated by
untreated animals. The same effect was in turn demonstrated with
human volunteers.

While it is fairly easy to make generalizations on the role
of vitamin C during stress, the dynamics of the body's metabolism
is too complicated to evaluate the effects on a singular basis.
First of all, the duration, frequency and type of stress are
independent components that result in varying effects of stress
on vitamin C requirements and metabolism. Secondly, the effects
of "stress" should be viewed as a systemic rather than a focal
effect, A case and point could be made with vitamin C supple-
mentation for stressed laying hens. The biochemical role of
ascorbic acid in avian systems has been for the most part neglected.
It is thought that ascorbic acid is metabolized in the same manner
as it is in mammalian species., The big difference in ascorbic
acid metabolism among mammalian species is seen in the excretion
products. Rats and guinea pigs oxidize the ascorbic acid molecule
to respiratory CO2, while man excretes urinary oxalates,

It is well-known that stress, as manifested by unfavorable
environmental temperature, disease and crowding, causes a decline
in egg quality as measured by shell thickness, egg weight and
interior protein (Warren and Schnepel, 1940; Wilhelm, 1940).

Dietary supplementation of ascorbic acid to laying hens has
produced variable and inconsistent results on hen performance.
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Thornton and Moreng (1958, 1959) were the first to show a possible
beneficial effect of exogenous ascorbic acid on egg quality. In-
terior egg quality and shell thickness appeared to be improved.
They noticed that the response to ascorbic acid was greater during
the summer months. Perek and Kendler (1962, 1963) found ascorbic
acid supplementation beneficial on egg production and egg weight,
but non-significant in increasing shell thickness. Heywang and
Kemmerer (1955), Hunt and Aitken (1962) and Arscott et al. (1962)
did not find a beneficial effect in shell thickness or in general
egg shell quality with ascorbic acid supplementation.

The effects of ascorbic acid on egg quality may be influenced
by the types of diets employed. Thornton (1960a, b) reported an
interaction between ascorbic acid and the calcium level on shell
thickness, with responses appearing at the 2.5 and 3.0 percent
levels in contrast to no response at the 2 percent calcium level.
In addition, more consistent improvements have been obtained with
rations containing 13 as compared with 17 percent protein.

Damage to the structure of the egg shell caused by climatic
stress has received little attention. Mather et al, (1962) con-
cluded from their work on the influence of environmental temperature
on the microscopic structure of the egg that the quantity of matrix
in the spongiosa was not influenced to the same degree as shell
thickness. El-Boushy et al. (1968) studied the effects of heat
stress and ascorbic acid supplementation on thickness, quality,
structure and ultra-structure of the egg shell. Climatic stress
significantly decreased the shell thickness and all its layers
except the membranes. The favorable effect of ascorbic acid ad-
dition proved to be highly significant only for the thickness of
the shell as a whole.

The use of controlled environmental temperature on laying hen
performance has been studied. Abmad et al. (1967) found that as—
corbic acid supplementation was helpful in maintaining interior
egg quality in wgite Leghorgs as environmental temperatures in-
creased from 21 “C to 29.4 °C and 35 °c. Egg shell thickness was
also maintained during the increasing temperature. Lyle and
Moreng (1968) also found that egg shell thickness was maintained

with agcorbic acid supplementation when temperature was increased
to 29 "C.

Nockels et al. (1968) presented data that withdrawal of as-—
corbic acid after prolonged supplementation depressed interior
egg quality in eggs from hens which had been maintained at either
optimum or 30.2 °C. Herrick and Nockels (1969) observed a signi-
ficant increase in interior egg quality due to ascorbic acid sup-
plementation. Eggs stored for two weeks maintained the higher
egg quality when compared with the controls.
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The influence of rapid changing environmental temperatures
on the body temperature control of hens was studied by Thornton
(1962). The effect of dietary ascorbic acid on body temperatures
was recorded., Body temperature of both control and supplemented
hens acclimated at 80 °F was increased when the ambient temperature
was increased; but the increase was significantly greater in
control individuals., A decrease in ambient temperature resulted
in a greater fall in body temperature of the controls. These data
indicated that ascorbic acid was of aid for maintaining body tem-
perature, Ahmad et al. (1967), Lyle and Moreng (1968), Subasch-
andran and Balloun (1968) also presented evidence that ascorbic
acid supplementation helps maintain body temperature during times
of heat stress.

Squibb et al. (1955) studied the effects of the three dis-
eases, coryza, cholera and Newcastle disease, on the level of serum
ascorbic acid. Serum ascorbic acid decreased in birds infected
with coryza, while it increased in the birds infected with cholera
and Newcastle disease. This work presents evidence that ascorbic
acid metabolism in chickens is disturbed by stress caused by
disease,

Blood ascorbic acid levels in the chicken can be influenced
by thyroid regulators (Thornton and Deeb, 1961). Their results
showed that dietary iodinated casein caused an increase in blood
ascorbic acid while thiouracil resulted in a decreased ascorbic
acid level in the blood. It follows that the rate of ascorbic
acid synthesis can be influenced by changes in the metabolic rate
of the chicken,

Rumsey (1969) imposed a low level stress in hens to evaluate
the "anti-stress" properties of ascorbic acid. Laying hens were
subjected to simulated stress conditions by injection of ACTH or
a synthetic corticosteroid, Dexamethasone. Both exogenous ACTH
and Dexamethasone had a depressing effect on kidney ascorbic acid
biosynthesis as well as blood ascorbic acid levels. Exogenous
ascorbic acid also depressed kidney biosynthesis. Egg weight,
egg shell thickness, and egg shell protein were not affected by
the stress conditions imposed or by ascorbic acid supplementation,

In summary, it is clear that many factors may influence the
ability to regulate ascorbic acid metabolism in avian species.
At the present time, supplementation of ascorbic acid is not
practiced in poultry feeding, but the evidence indicates that much
may be learned by studying the physiological responses of chickens
under various conditions when their diets are supplemented with
ascorbic acid.
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THE RECOMMENDED DIETARY ALLOWANCES FOR VITAMIN C

Recommended Dietary Allowances are used as the basis for de-
cisions about the adequacy of food supplies, so it is important
that the basis for establishing them and their limitations be
clearly understood.

Recommended Dietary Allowances are defined as 'the levels of
intake of essential nutrients considered, in the judgment of the
Food and Nutrition Board on the basis of available scientific
knowledge, to be adequate to meet the known nutritional needs of
practically all healthy persons" (Food and Nutrition Board, 1974).
That is, they are recommendations for the quantities of a group of
specific chemical compounds that should be consumed by each member
of a population in order to provide reasonable assurance that the
physiologic needs of all will be met. This is a public health
concept. The RDA are nutritional standards. They are recommenda-
tions that can be used as the basis for practical decisions. They
are standards designed to be used in planning the food supply of
a population in order to ensure that the food procured will be
nutritionally adequate to maintain the health of that population.
They are standards also against which the nutritional adequacy of
the available food supply can be assessed in order to identify
possible nutrient shortages that could create public health prob-
lems.

How are these standards established? The starting point is
the quantitative information about human requirement. Two types
of information are used for the most part: (1) information from
studies on human subjects in which the amount of nutrient required
to maintain satisfactory growth and body weight, to prevent de-
pletion of the nutrient from the body, to maintain some specific
body function or to prevent the development of unique signs or
symptoms has been established; (2) information from dietary surveys
indicating how much of the nutrient is consumed by populations
that are generally healthy and show none of the signs that are
associated with an inadequate intake of the nutrient. From the
first of these a figure for the average requirement of the popula-
tion studied can be obtained; from the second, an estimate of the
upper limit of human needs is obtained, but this may not be very
precise.

But RDA are not average individual requirements, they must
obviously exceed average requirements if they are to cover the
needs of those with high requirements. Since individual require-
ments cannot be predicted, a statistical approach must be used
in estimating the amount by which the average requirement must be
increased to accomplish this. When information is insufficient
to permit a statistical prediction, selection of an appropriate
estimate involves judgment.
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From information obtained in studies of human subjects, an
estimate of variability among the individuals studied can be cal-
culated. Assuming that requirements follow a normal distribution
pattern, 97.5% of the population should have requirements below
the mean plus twice the coefficient of variation. This amount,
the average plus twice the coefficient of variation, provides an
estimate for a standard that should cover the needs of most of
the population, provided the nutrient is utilized with high effi-
ciency. However, if efficiency of utilization of the ingested
nutrient is known to be low, owing for example, to incomplete
absorption, the recommended level of intake must be increased fur-
ther to allow for this. The value obtained after allowing for
incomplete absorption should meet or exceed the needs of the vast
majority of individuals.

It is important to emphasize that RDA do not take into con-
sideration the losses of nutrients during the processing and prep-
aration of foods, nor are the RDA designed to cover increased needs
resulting from severe stress, disease, or trauma above the usual
minor infections and stresses of everyday life. The processing
losses must be allowed for separately in planning a food supply,
and the increased needs represent clinical problems that must be
given individual consideration.

Nutritionists agree among themselves about the amounts of
each essential nutrient that should be consumed daily. This gen-
eralization, however, does not apply to vitamin C or ascorbic acid
which continues to be controversial, This controversy centers
around two major topics. The first is how much ascorbic acid
should be recommended ''to meet the known nutritional needs of prac-
tically all healthy persons' and the second is what are the effects
of giving very large amounts of ascorbic acid?

As a result of this controversy, most persons (and a great
many physicians) are confused about the daily allowance of vitamin
C needed to support optimal health. In attempting to clarify this,
two basic concepts should be acknowledged. First, on the basis
of available scientific evidence, the Committee on Dietary Allow-
ances of the National Academy of Sciences National Research Council
establishes Recommended Dietary Allowances which in the judgment
of its members provide adequate intakes for practically all
healthy persons. Secondly, there is a vast difference between
"physiologic" amounts of any nutrient and 'pharmacologic" doses
which may be given for various medically indicated reasons. The
lowest range, representing the amounts needed or recommended to
prevent signs or symptoms of deficiency in practically all healthy
persons can be termed the "physiologic dose" (the RDA level, 45 mg
of vitamin C/day). Somewhat larger amounts (100-2000 mg/day),
generally in the range of ten times the physiologic dose, may be
used to treat an illness or condition quite unrelated to the
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generally recognized manifestations of deficiency of that nutrient.
This level of intake can be termed "pharmacologic dose'". Very
large intake of an essential nutrient, for example 100 times (or
more) the physiologic dose, may induce undesirable or toxic signs
and symptoms, and can be called "toxic dose" (2000-4000 mg/day).

It is not uncommon for pharmacologic doses to cause deleterious
side reactions (Barnes, 1975).

With the understanding of the above concepts, it is safe to
recommend the following levels for vitamin C intake. As little as
10 mg ascorbic acid will prevent scurvy. This level may be re-
garded as a minimum requirement but it does not ensure fully sat-
isfactory tissue levels, Each day the adult male removes about 30
mg ascorbic acid from body stores. The recommended allowance has
been set at 45 mg for males and females over 1l years, 35 mg for
infants, 40 mg for children, and 60 mg for pregnancy.

During infections such as tuberculosis, rheumatic fever, and
pneumonia and severe stress such as burn injuries the ascorbic
acid recommended allowance should be increased.

Fruits and vegetables are excellent sources of vitamin C.
Table 13 illustrates the vitamin C content in some selected foods.
Like other water soluble vitamins, ascorbate is labile to heat and
oxygen. Thus, fresh fruits and vegetables, including juices, are
excellent dietary sources in meeting RDA,

Since vegetable cells contains an enzyme called ascorbic oxi-
dase, cutting vegetables finely causes a greater quantity of re-
lease of this enzyme which causes more breakdown of vitamin C.

The rate of ascorbic oxidase activity increases as the temperature
is raised; thus, gradual heating of vegetables destroys ascorbate.
Boiling causes a breakdown of the enzyme. The loss of vitamin C
due to ascorbic oxidase can be minimized by immersing the vegetables
directly in boiling water which causes immediate destruction of the
enzyme. Vitamin C is more readily destroyed than other vitamins.
During cooking, ascorbate loss occurs as a result of (1) cutting

the vegetables finely; (2) using an excess of water which leaches
the vitamin C out of the cells; (3) gradually heating the vegetables
rather than putting them in boiling water; (4) overcooking; (5)
adding sodium bicarbonate in order to preserve the color of the
vegetables as alkalinity destroys ascorbate.

TOXIC EFFECTS OF LARGE VITAMIN C INTAKE

Gastrointestinal Disturbances

Gastrointestinal disturbances are perhaps the most consistent
abnormalities noted following the ingestion of large quantities of
ascorbic acid, Nausea, abdominal cramps, and diarrhea are
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Table 13. Vitamin C Content in Some Selected Foods

Item

Vitamin C
(mg/100 g edible portion)

Acerola (Barbados Cherry)
Apples (raw)

Apricots (raw)

Avocados (raw)

Bananas (raw)

Beans, Lima (cooked)
Beans, snap (cooked)
Beef

Broccoli (cooked)
Cabbage (cooked)
Carrots (raw)

Collards (cooked)

Corn, sweet (cooked)
Currants, Black European (raw)
Eggs

Eggplant (cooked)

Fish

Grapefruit, pulp
Grapefruit, juice unsweetened
Lemon, Juice

Lettuce (raw)

Milk, cow

Muskmelons (raw)
Oranges (raw)

Oranges, Juice (canned)
Peaches (raw)

Pears (raw)

Peas, green (cooked)
Pineapple (raw)
Pineapple (juice)

Pork

Poultry

Potato (cooked)

Spinach (raw)

Spinach (cooked)

Summer squash (cooked)
Strawberries (raw)
Tomato, ripe (raw)
Tomato juice

Wheat flours

1,300
4
10
14
10
17
12
0
90
24
8
46
9
200
0
3
0
38
34
45
15
1
33
55
40
7
4
20
17
9
0
0
20
51
28
10
59
23
16
0

8from Watt and Merrill (1963)
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frequently mentioned. These may be due to the ascorbic acid itself
or to sensitization reactions such as hives, angioneurotic edema,
and skin rashes, which have also been reported in some of these
patients. These effects may be ameliorated or eliminated by taking
the ascorbic acid as a buffered salt or after meals.

Renal Stone Formation

One of the feared consequences of excessive ascorbate intake
is the possible development of renal stones or nephrocalcinosis.
Stone formation may be accelerated with the administration of large
doses of ascorbate. In those who are prone to renal stone forma-
tion, stones may form more easily. This includes persons with
oxalosis, hyperuricemia, and cystinuria.

Oxaluria-Oxalosis

Studies on the sources of oxalic acid indicate that in the
normal subject approximately 50% of the daily excretion of oxalic
acid, about 50 mg, is derived from dietary ascorbate. The source
of the other 50 mg varies. According to Lewin (1973), the total
intake of vitamin C should be kept below 4 grams daily because of
the increasingly unacceptable levels of oxalate ions that are likely
to accompany the high ascorbate intake.

VITAMIN C DEFICIENCY

Scurvy

Scurvy is produced by prolonged deficiency of vitamin C.
Human volunteers deprived of vitamin C showed no clinical manifes-
tations for 17 weeks. The first signs noted are hyperkeratotic
hair follicles from 17 to 21 weeks, followed by perifollicular
hemorrhages at 26-34 weeks (Medical Research Council, 1948). Since,
in ordinary circumstances, an infant or adult is not completely
deprived of vitamin C, it can be assumed that at least 6-9 months
would elapse before clinical scurvy appears even with gross de-
ficiency. The basic pathological change in scurvy is defective
formation of collagen. The lining of blood vessels is defective
because the cells are not cemented together. The bony matrix or
framework is poorly formed for the same reasons.

Subclinical Scurvy

Before the development of clinical signs of scurvy, vague
general symptoms such as lassitude, fatigue, weakness, irritability,
a tendency to recurrent infections and aching of bones may be noted

(Hodges, 1969).
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Clinical Scurvy

Clinical symptoms appear when the body pool of vitamin C de-
creases to about 300 mg (Hodges, 1969). (linical scurvy is mani-
fest by changes in: (1) blood vessels; (2) skin; (3) bones;

(4) teeth and gums; (5) anemia; and (6) general symptoms.

Blood vessels. The blood vessels become fragile and porous
due to defective formation of collagen in the lining of the wall.
This leads to spongy gums, hemorrhages into the skin, seen as
petechiae and ecchymoses, and hemorrhages into the alimentary and
urinary tract. Conjunctival hemorrhages occur by 74-95 days in
experimental human scurvy. Muscular and subperiosteal hemorrhages
may also occur.

Skin. The skin becomes rough and dry. Early hyperkeratotic
changes are seen in the hair follicles, and are most marked on
legs and buttocks. The occurrence of petechial hemorrhages around
hair follicles and larger hemorrhages, ecchymoses, have already
been referred to.

Bones. During normal growth, cartilage cells at the growing
end of bones proliferate, These are invaded by osteoblasts to
form the bony matrix, also known as osteoid tissue. Ossification
occurs when calcium salts are deposited in this matrix, forming
bone.

In the absence of vitamin C the formation of bony matrix (os-
teoid tissue) is defective. Instead of osteoblasts, fibroblasts
develop and bone formation is retarded. This gives rise to osteo-
porosis and spontaneous fractures. The periosteum is not attached
firmly to the bone and subperiosteal hemorrhages occur, usually
at the lower end of the femur and upper end of the humerus. These
bony changes are found in infants and children with scurvy.

Teeth and Gums. Deficiency of vitamin C in children leads
to defective formation of the teeth. The dentine becomes porous,
the alveolar bone is absorbed and the teeth may fall out. The
gums become spongy and bleed easily if slight pressure is applied.
Hypertrophy of the gums tends to bury the teeth and infection and
ulceration of the unhealthy gums is common. These changes in the
gums may not be seen in an edentulous subject.

Anemia. Microcytic hypochromic anemia is a common feature
in scurvy. The anemia is partly due to deficient absorption of
iron, with a low intake of vitamin C and partly due to blood loss
from hemorrhages. Deficiency of vitamin C also disturbs folic
acid metabolism and a megaloblastic anemia may develop.
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General Manifestations. Scurvy is manifested by pyrexia,
rapid pulse and susceptibility to infection. Wound healing is
delayed.

Aspirin is more likely to produce gastric mucosal bleeding
in a vitamin C-deficient subject.

METHODS OF ASSESSING VITAMIN C ADEQUACY

A person's nutritional status, including adequacy of vitamin
C, may be determined on the basis of clinical signs of a dietary
deprivation, biochemical measurements, or dietary intake findings.
Information on the dietary intakes of ascorbic acid can be useful
in the general assessment and prediction of the nutritional status
of a population, but usually such data cannot provide the desired
direct knowledge as to the vitamin C nutritional status of the in-
dividuals. Even the presence of clinical signs associated with a
vitamin C deficiency may not always be a reliable indicator of
a deficiency of the nutrient, since such signs may be the result
of local infections or improper oral hygiene. Therefore, for the
most part, biochemical measurements represent the most objective
assessment of the vitamin C nutritional status of an individual.

Healthy adult men have an average body pool of 1.5 grams of
ascorbic acid. 1In experimental vitamin C deficiency, scurvy de-
veloped when the body pool of ascorbic acid had been depleted to
a level of 300 mg or less (Baker et al., 1971). Occurred in the
plasma and whole blood ascorbate levels. The fall in plasma as-
corbic acid appears to be more pronounced than the reduction in
the ascorbate body pool. Consequently, a low plasma ascorbate
level may not necessarily indicate scurvy, but scurvy will invaria-
bly ensue if the absence of ascorbic acid in the serum persists.
Moreover, continued serum ascorbic acid levels of less than 0.10
mg/dl would probably eventually lead to signs of scurvy. Such was
observed in the study of Hodges et al. (1971) where the first signs
of scurvy appeared when the serum ascorbic acid levels ranged from
0.13 to 0.24 mg/dl. There was also a definite relationship between
the body reserves of ascorbic acid and whole-blood ascorbate levels.
Signs of scurvy were observed when the whole-blood ascorbate level
fell below 0.3 mg/dl. At this point, the body pool of ascorbic
acid had fallen from an initial normal level of approximately
1500 mg to a pool size ranging from 96 to 490 mg.

As noted previously, serum (or plasma) ascorbate levels may
not always fully reflect vitaiin C intake or the state of the body
ascorbate reserves. Nevertheiéss, within a relatively limited
range, serum levels of ascorbic acid show a linear relationship
with the intake of vitamin C. With a given intake of the vitamin,
the serum ascorbic acid concentration will plateau at a given level,
around 1.4 mg/dl. We have observed this when subjects were given
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two doses of 500 mg of vitamin C, one in the morning and one in
the evening. When serum vitamin C levels fall below 0.2 mg/dl,
signs of scurvy are commonly observed. With an intake of 45 g

of vitamin C per day, representing the 1974 Recommended Dietary
Allowance, a serum ascorbate level of approximately 0.6-0.8 mg/dl
could be expected. Higher serum ascorbate levels may be obtained
with greater intakes of vitamin C. However, the maximal serum
ascorbic acid level appears to be at about 1.4 mg/dl, at which
point renal clearance of the vitamin rises sharply. The current
practice of some people to ingest high doses of vitamin C can
result in the temporary attainment of higher serum ascorbic acid
concentrations.

The Interdepartmental Committee on Nutrition for National
Defense (ICNND) has considered serum ascorbic acid levels of less
than 0.10 mg/dl "deficient” and levels from 0.10 to 0.19 mg/dl as
"low", while levels of 0.20 mg/dl and above are termed "acceptable
(Manual for Nutrition Surveys, 1963). In the nutrition survey of
Canada (Nutrition Canada National Survey, 1973) subjects with serum
vitamin C levels of less than 0.2 mg/dl were considered at "high
risk". Levels of 0.6 mg/dl to 0.4 mg/dl were considered necessary
for subjects 19 years of age or younger and for subjects 20 years
and above, respectively, to be considered at "low risk" with re-
spect to vitamin C nutriture. No differences were considered with
respect to the sex of the subjects.

The results of the studies of Hodges et al. (1971) indicated
that signs of scurvy may be encountered in subjects with serum
ascorbate levels below 0.20 mg/dl and would support the guidelines
employed in the Canadian nutrition survey. Based on the above
data, a revision of the guidelines interpreting serum vitamin C
data has been suggested by Sauberlich (1975) as seen in Table 14.

Leukocyte ascorbic acid concentrations have been considered

to be more closely related to tissue stores of the vitamin than

Table l4. Guidelines for the Interpretation of Vitamin C
Levels (mg/dl)a

Measurement Acceptable Low Deficient
Whole Blood Vitamin C >0.50 0.30-0.49 <0.30
Serum Vitamin C >20 0.10-0.19 <0.10
Leukocyte Vitamin C >15 8-15 0-7

8pdapted from Sauberlich, 1975.
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serum concentration (Sauberlich, 1975, Sauberlich et al., 1973,
1974). Others have suggested that leukocyte ascorbic acid concen-
trations do not reliably reflect tissue status and that both serum
and leukocyte ascorbate concentrations should be used to do this
(Loh, 1972, Keith and Pelletier, 1974). In general, serum vitamin
C levels tend to respond more readily than leukocytes to recent
dietary intake of ascorbic acid. However, low serum ascorbate
concentrations do indicate low or inadequate intakes of vitamin C
with probably only partial reserves present. Nevertheless, under
controlled intakes of ascorbic acid, there is a relationship be-
tween ascorbate intake and ascorbate levels in both the leukocytes
and serum. With an intake of 45 mg of vitamin C per day (RDA),
leukocytes will contain approximately 20 mg/dl. Subjects with
leukocyte ascorbate levels of less than 8 mg/dl are considered to
be at "high risk". Concentrations may fall to zero in clinical
cases of scurvy (Sauberlich, 1975).

Although numerous procedures and modifications have been re-
ported for the determination of vitamin C in white blood cells,
the methods must still be considered technically difficult and
require relatively large blood samples. Consequently, present
procedures are not practical for routine use in nutrition surveys.
With adequate laboratory facilities, measurement of leukocyte
ascorbate levels can be a useful diagnostic technique for clinical
cases of vitamin C deficiency. To some extent measurement of serum
ascorbate levels have been favored over measurement in white blood
cells because of the greater percentage increase in serum ascorbate
concentrations in response to graded intakes of vitamin C. Such
factors, along with the relative ease of measurement, have led to
the common use of serum ascorbate determinations for assessing
vitamin C nutritional status. This approach was used in national
nutrition surveys of Canada and the United States.

Urinary vitamin C excretion data have received only limited
use in determining the nutritional status of this vitamin. As
a result, guides for the interpretation of urinary vitamin C levels
in terms of nutritional status have not been established. Analy-
tical procedures for measuring ascorbic acid in urine are more
difficult and less reliable than those used for measuring the vi-
tamin in serum. Nevertheless, in the scorbutic patient, the
urinary excretion of vitamin C would be expected to be essentially
zero and hence, could provide supportive diagnostic information.

On occasion, ascorbic acid saturation tests are used to obtain
information as to tissue ascorbate deficit in individual patients
(Sauberlich et al., 1973, 1974; Dutra DeOliveira et al., 1959;
Lowry, 1952). For nutrition surveys such tests are not practical
and are probably of little use. At best, the saturation or load-
ing test must be conducted with considerable care and the results
interpreted with caution. However, for clinical cases the test
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may be of conclusive value in excluding scurvy as a diagnosis and
of considerable usefulness in obtaining the diagnosis of scurvy.

The various analytical procedures used to measure ascorbic
acid are summarized by Sauberlich (1975). The method of Roe and
KRuether (1943) has generally been considered the "classical tech-
nique" for vitamin C quantitation.

SUMMARY

In summary, it is obvious that considerable interest and re-
search has developed in the area of ascorbic acid metabolism. The
biochemist has contributed much information concerning the identi-
fication and detailed study of enzyme systems and related nutrients
on metabolites that control the synthesis, functions and end pro-
ducts of vitamin C in living organisms. Further studies are needed
on the role of antihistamine effect of ascorbic acid, vitamin C
and bile acid metabolism, vitamin C and the common cold, ascorbic
acid and bicenergetics, vitamin C and prevention of carcinoma, as-
corbate and ascorbate-S0; metabolism,

Furthermore, reports on the effects of massive intakes of
vitamin C have raised many questions and violently different opin-
ions. Most of the claims for dramatic benefit from very high
intakes have been based on resistance to or therapy toward the
common cold and on quantities very far above the amount apparently
needed for normal reproduction, lactation, early growth, and lon-
gevity. Very few physicians with extensive experience in this
type of research recommend the practice of using large dosages,
such as 1 to 20 g per day.

Hence, we have a situation where many experienced nutrition
scientists trained as biochemists or physiciams and in other spe-
cialized branches of science are not in agreement on either of
two major issues:

a. Should the quantities recommended for daily consumption
of vitamin C be those adopted in the table of Recommended
Dietary Allowances by the National Academy of Sciences?
Differences in opinion on this quantity are not very
great —— seldom more than a factor of twice the values now
used.

b. What should be the recommended intake of vitamin C
with special reference to prevention or therapy of the
common cold or other disease risks to which the public
is exposed?

The Food and Nutrition Board has adopted a consensus of views
among well-trained clinical biochemists and physicians in arriving
at the recommended daily intake, which ranges from 35 to 80 mg per
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day, depending on age and including an extra allowance for lacta-
tion. There is an increasing concern that the recommendation for
growing children and adults should be higher than the present stated
values of 40 to 45 mg per day, perhaps in the range of 70 to 75 mg,
and 100 mg during lactation.

The area of most intense controversy currently is in regard
to the quantity that should be recommended for consumption by the
public without further consideration when there is an indication of
an oncoming cold. Quantities in the range of 5 to 10 g or more
per day are sometimes recommended by laymen and some scientists.
A few enthusiastic laymen and some physicians suggest practices
such as a regular intake in the range of 1 g or more each day.
Claims are made that these very large intakes are harmless, Others
with excellent research training and much experience in medicine,
public health, and biochemistry believe that such large intakes
have little if any significant value and entail significant hazards
to health, such as development of kidney and bladder stones, and
alterations in carbohydrate metabolism. Thus far there has been
little evidence to indicate a mechanism to account for the claims
made in supporting the high dosages, and very little research has
been reported to compare the value of vitamin C with other potential
drugs such as antihistamines., Thus, until these questions are
clarified by further studies, a conservative approach should be
taken in terms of recommending large amounts of vitamin C.
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VITAMIN A

Historical Developments

A lipid-soluble compound which is essential for life and
present in egg yolk, was first described by Stepp (1909). A
similar compound was later found in butterfat, egg yolk, and cod
liver oil and was named ''fat soluble A" by McCollum and Davies
(1913, 1915) to distinguish it from essential water—soluble
nutrients, which they called "water soluble B". The "fat-soluble
A" factor was capable of preventing xerophthalmia (McCollum and
Simmonds, 1917) and night blindness (Fridericia and Holm, 1925).
Drummond (1920) named the active 1ipid "vitamin" A.

A growth-promoting substance in plant extracts was found by
Steenbock et al. (1921). After Karrer et al., (1930) elucidated
the structure of B—carotene and that of retinol (Karrer et al.,
1931, 1933), the provitamin role of B-carotene became obvious.

Holmes and Corbett (1937) succeeded in crystallizing vitamin
A from fish liver. Wald (1935 a, b, c, 1936 a, b) isolated the
chromophore from bleached retinas. Morton (1944) and Morton and
Goodwin (1944) demonstrated that the chromophore was retinal.
Arens and Van Drop (1946) and Isler et al., (1947) succeeded in
achieving the chemical synthesis of pure vitamin A. Shortly
thereafter, the total synthesis of B—carotene was also reported
(Karrer and Eugster, 1950).

17
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Nomenclature and Chemistry

The nomenclature follows the rules on Biochemical Nomen-
clature (IUPAC, 1960; IUPAC-IUB, 1966). The parent compounds
retinol, retinal and retinoic acid (Figure 1) are the most
frequently involved in vitamin A metabolism. The synthetic

RETINOL
N XN CH20H
RETINAL
NN O
RETINOIC ACID

COOH

TR

Fig. 1. The structures of retinol, retinal and retinoic acid.

chemistry of vitamin A and derivatives have been extensively
reviewed (Isler et al., 1967, 1970; Schwieter and Isler, 1967).
A review of synthetic processes for obtaining B-carotene and
carotenoids has appeared (Mayer and Isler, 1971). Vitamin A is
a generic term used for all compounds, other than carotenoids,
that exhibit qualitatively the biological activity of retinol.
The term "retinoids" in recent years has been accepted as a
general term that includes both the natural forms of vitamin A
and synthetic analogs. Vitamin A is necessary for the growth,
health and life of higher animals. Animals without vitamin A
will cease to grow, and in time die. Vitamin A is necessary for
vision, reproduction, maintenance of differentiated epithelia and
for mucus secretion. One International Unit of vitamin A is
defined as 0.3 ug of all-trans retinol. Generally, 1 ug of
retinol is assumed to be biologically equivalent to about 6
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ug of B-carotene, or about 12 pg of mixed dietary carotenoids.

Absorption

Vitamin A is obtained in the diet primarily as long-chain
fatty acid esters of retinol. The intestine hydrolyzes dietary
retinyl esters, and the resulting retinol is then absorbed into
the mucosal cell. The newly absorbed retinol in the mucosol cell
or retinol newly synthesized from carotene is re-esterified with
long-chain, mainly saturated, fatty acids and incorporated into
lymph chylomicrons (Huang and Goodman, 1965). The chylomicrons
are absorbed in the lymph and enter the circulation when the
lymphatic vessels join the blood stream. Most of the chylomicron
triglyceride is removed from the blood stream by extrahepatic
tissues. The remaining chylomicrons are smaller (Redgrave, 1970)
and contain virtually all of the chylomicron retinyl esters which
are almost entirely removed from the circulation by the liver
(Goodman et al., 1965; Redgrave, 1970). In the liver, hydrolysis
and re-esterification occur, and the resulting retinyl esters
(mainly retinyl palmitate) are stored within hepatocytes asso-
ciated with 1lipid droplets.

Biosynthesis

B-carotene is converted to vitamin A primarily in the
intestinal mucosa. Two enzymes are involved in the biosynthetic
processes: first, B-carotene-15, 15'-dioxygenase, and second,
retinaldehyde reductase. R-carotene-15, 15'-dioxygenase cata-
lyzes the cleavage of B-carotene at the central double bond to
yield two molecules of retinaldehyde (Goodman and Olson, 1969).
The cleavage reaction appears to occur by a dioxygenase mechanism
(Goodman et al., 1966; Goodman and Olson, 1969).

The reduction of the newly formed retinaldehyde to retinol
is catalyzed by another soluble mucosal enzyme, retinaldehyde
reductase (Fidge and Goodman, 1968). This enzyme has a molecular
weight in the range of 60,000-80,000, and has a requirement of
NADH or NADPH. Retinaldehyde reductase appears to be a relatively
nonspecific aldehyde reductase for several short- or medium-chain
aliphatic aldehydes.

Functions

Night blindness results from vitamin A deficiency, because
the vitamin is required to regenerate the chemical which allows
us to see in dim light. Rhodopsin is the complex of opsin (a
protein present in the rods of the eye) and the retinal form of
vitamin A, The simplified process is shown in Figure 2. A
supply of vitamin A is needed to regenerate the complex, because
gome retinal is degraded in the process of rhodopsin degradation
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caused by bright light. Normal vision cannot be quickly obtained
after rhodopsin bleaching by bright light, such as that from an
oncoming car, unless there is an ample supply of vitamin A.

RHODOPSIN

OPSIN—" )\ OPSIN
RETINAL
o |
DARK RETINOL LIGHT
VITAMIN A
FROM LIVER
STORAGE

Figure 2. Vitamin A function in the visual cycle.

Only retinol and retinal can be used for maintenance of the
visual cycle, whereas retinol, retinal and retinoic acid function
in maintaining growth. Rats fed retinoic acid maintained their
growth rate, but soon developed eye lesiomns.

Vitamin A is also required for the maintenance of epithelial
tissue; that is, cells found in the outer layers of the skin as
well as lining the gastrointestinal, respiratory and urogenital
tracts. Vitamin A deficiency results in a transformation of
epithelial cells from soft, moist tissue to cells which are hard
and dry, or keratinized. This effect has been related to the
protective effect of vitamin A in maintaining the integrity of
epithelial tissue against infective organisms, particularly of
the respiratory tract. The biochemical effect of vitamin A in
this function may directly effect the synthesis of mucopoly-
saccharides and protein. DeLuca et al., (1975) found that
labeled mannose incorporation into liver glycoproteins in both
mildly and severely vitamin A deficient hamsters decreased by
about 70% compared to pair-fed control animals.

Some research suggests that vitamin A allows the maturation
of osteoblasts to osteoclasts, a conversion necessary for bone
remodeling and therefore for continued bone growth. Mellanby
(19744) likened vitamin A to "the director of building operations
in the bone" and concluded that it might be expected that in
vitamin A deficiency that the osteoblasts and osteoclasts would
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either cease to work or work in a completely disorderly way.

This result was indeed obtained in fowl (Howell and Thompson,
1967 a,b). Avitaminosis A affected the nervous system indirectly
by causing an overgrowth of the periosteum. Similar findings
were obtained in fowl in which deficiency of vitamin A was
precipitated suddenly by removal of retinoic acid from the diet.

Likewise, in tooth development vitamin A is necessary for
the normal differentiation and function of the ameloblasts, cells
of ectodermal origin which are responsible for the formation of
dental enamel.

Evans and Bishop (1922) found that female rats fed diets low
in vitamin A suffered from prolongation of estrus and failed to
enter diestrus; a vaginal smear showed the presence of cornified
cells., The rats also failed to ovulate. Administration of
butterfat or cod liver oil readily reversed these changes within
1-3 days. One hundred days after placement on a low vitamin A
diet, only 22% of rat matings resulted in the birth of living
young. Implantation of the sperm into the egg generally did not
occur, indicating that the sperm did not reach the egg because of
the keratinized surface of the vaginal epithelium (Evans, 1928).

Evans (1932) and Mason (1932, 1933) showed that rats fed
diets containing adequate amounts of vitamin E but deficient in
vitamin A cause degeneration of the germinal epithelium in the
testes and absence of spermatozoa in the epididymal fluid.
Vitamin A can reverse the changes resulting from its deficiency.
Howell et al., (1963) found that depletion of retinol in rats
caused a basic lesion at a state in spermatocytogenesis before
the meiotic division of the spermatocytes to spermatids. Similar
results were obtained in the guinea pig (Howell et al., 1967).

Vitamin A also has a known effect on lysosomes and their
enzymatic contents. Hypervitaminosis A reduces the stability of

rat liver lysosomes and increases the release of acid hydrolases
from these subcellular particles (Anonymous, 1966).

RETINOL BINDING PROTEINS

Role in Transport of Vitamin A

In the 1960's vitamin A was shown to be transported in
plasma as the alcohol, retinol, bound to a specific transport
protein, retinol-binding protein (RBP) (Kanai et al., 1968).
Human RBP is a single polypeptide chain with a molecular weight
of about 21,000 with a single binding site for one molecule of
retinol. In plasma, most of RBP normally circulates as the
retinol-RBP complex. The usual concentration of RBP in plasma is

about 40-50 ug/ml.
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RBP interacts strongly with prealbumin, and normally circu-
lates as a 1:1 molar RBP-prealbumin complex. Evidence suggests
that specific receptors for serum RBP are present on the surface
of certain vitamin A-requiring target cells (Heller, 1975; Rask
and Peterson, 1976). RBP may deliver retinol to target tissues
specifically at these locations. The retinol then presumably
enters the target cell, where it may become associated with the
intracellular cytosol binding protein for retinol (CRBP). The
complex of retinol with CRBP may be the form in which retinol is
transmitted to specific sites within the cell, and may be in-
volved directly in the subsequent metabolism and/or biochemical
functions or retinol within the cell. The intracellular binding
proteins differ from plasma RBP with regard to molecular weight,
immunoreactivity, binding affinity for serum prealbumin, and
ultravioiet and fluorescence spectral characteristics.

Clinical Studies of RBP

Even though RBP has been studied in many diseases to date,
no disease has been found where RBP was totally absent or has had
abnormal immunological properties. In patients with liver
disease, the plasma concentration of vitamin A, RBP and prealbunmin
were all found to be markedly decreased (Smith and Goodman,
1971). These low plasma concentrations of RBP and prealbumin may
reflect a reduced rate of synthesis of the proteins by the
diseased liver. Patients with liver disease and low plasma RBP
concentrations (below 20 ug/ml) were found to have impaired dark
adaptation (Vahlquist et al., 1978). This study suggests that
these patients had peripheral vitamin A deficiency symptoms
secondary to their inability to mobilize vitamin A from the
liver. In these patients, vitamin A therapy did not affect
either the reduced dark adaptation ability or the low plasma RBP
concentrations. In another study (Russell et al., 1978) vitamin
A therapy of patients with alcohol-associated cirrhosis and
marginal vitamin A status appeared to stimulate RBP release from
the liver, and led to improvement in dark adaptation.

In patients with chronic renal disease, the plasma concen-
trations of RBP and of vitamin A were greatly elevated, while
that of prealbumin remained normal (Smith and Goodman, 1971).
The elevated concentrations of RBP reflect the fact that the
kidney is normally the main catabolic site for RBP, so that RBP
metabolism is impaired in chronic renal disease. RBP is small
enough to be filtered by the renal glomeruli, whereas prealbumin
and the RBP-prealbumin complex are not. Very little RBP is
normally present in the free state. Its glomerular filtration
and renal metabolism are sufficiently large to constitute RBP's
major catabolic route. The important role of the RBP-prealbumin
complex in sparing RBP from glomerular filtration was shown by
turnover studies demonstrating a much higher fractional turnover
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rate for free RBP than for RBP bound to prealbumin (Vahlquist et
al., 1973). Very little RBP appears in the urine normally, as
nearly all of the filtered RBP is resorbed and degraded by the
renal tubules. In contrast, patients with tubular proteinuria
clear RBP from plasma at a normal rate, but excrete large amounts
of RBP in the urine.

VITAMIN A AND RETINOL BINDING PROTEINS AND CANCER

Tumor Cell RBP's

Some tumors contain both CRBP and CRABP (cytosol binding
protein for retinoic acid), some only CRABP and in some none
of these proteins have been detected (Ong and Chytil, 1976).
A positive correlation between the responsiveness to vitamin
A treatment and the presence of CRABP has been observed.

Specific antibodies against cellular retinol-binding
protein, raised in rabbit, were detected by sucrose gradient
centrifugation and gel filtration using tritium-labeled,
CRBP prepared by reductive methylation. By means of a
radioimmunoassay, pure CRBP from liver and testis as well as
CRBP present in a crude extract of liver were compared. All
preparations showed identical immunoreactivity, suggesting
CRBP is not tissue-specific (Ong and Chytil, 1979).

Vitamin A and Cancer

Rowe and Garlin (1959) investigated the effect of
vitamin A deficient diet on oral carcinogenesis induced by
7,12-dimethyl-1,2-benzantracene (DMBA) in golden hamsters.

A 5% solution of carcinogen was applied twice weekly for 13
weeks. Neoplastic malignant lesions in hamsters given the
vitamin A deficient diet were about 30% greater than the
supplemented hamsters. Levlij and Polliak (1968) found that
topical vitamin A as retinyl palmitate applied to hamster
and cheek pouches with DMBA for 12 weeks caused an increase
in the size of squamous cell carcinomas. Chu and Malmgreen
(1965) compared the incidence of neoplastic lesions of the
alimentary tract of Syrian golden hamsters after oral feeding
of DMBA alone or in combination with retinyl palmitate and
benzopyrene alone or in combination with retinyl palmitate.
Vitamin A had marked inhibitory effect on stomach carcinomas.

Saffiotti et al., (1967), Cone and Nettesheim (1973) and
Smith et al., (1975 a,b) found that vitamin A prevented benzopyrene
induced respiratory squamous cell carcinoma in animals.
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Mouse skin papillomas can also be prevented by oral adminis-
tration of 100 IU of vitamin A per gram of food (Davies, 1967).
Shamberger (1971) has also reduced DMBA-croton oil induced mouse
skin papillomas by applying vitamin A with the carcinogen to the
skin. Bollag (1971) has induced mouse skin tumors with DMBA and
croton oil. When papillomas reached at least 4 mm in diameter
vitamin A (either as retinyl palmitate or as retinoic acid) was
given orally or intraperitoneally. After 2 weeks of treatment
with retinoic acid, 60-807% regression of the papilloma volume was
estimated. Similar results were obtained with oral administration
of retinoic acid or retinyl palmitate. Bollag (1972) has also
given mice retinoic acid (200 mg/kg every 14 days) orally during
the promotion phase of carcinogensis. The volume of papillomas
was greatly reduced and the appearance of both papillomas and
carcinomas as delayed. Bollag and Ott (1971) used retinoic acid
as a chemotherapeutic agent to regress human skin basal cell
carcinomas.. Verma et al., (1978) has observed that retinoids
inhibit 12-0O-tetradecanoylphorbol-13-acetate induced ornithine
decarboxylase activity in mouse epidermis. There is some evidence
that this phenotypic change is an essential component of the
mechanism of skin tumor promotion.

Smith et al., (1972) have transplanted fetal lung tissues
mixed with 20-methylcholanthrene (MCA) into the thigh muscle of
Balb/c mice. The animals were placed on deficient, normal and
excess retinyl palmitate diets. Carcinomas arose in the adequate
or deficient groups but no carcinomas were observed in the group
fed high vitamin A levels.

Prostate glands of mice were grown in tissue culture for 7-9
days. Methylcholanthrene caused hyperplasia of the alveolar
epithelium, with subsequent squamous metaplasia or parakeratosis
(Lasnitzki and Goodman, 1974). RB-Retinol, B-retinoic acid, a-
retinoic acid and cyclopentenyl analogue inhibited the effects of
methylcholanthrene.

Vitamin A enhances the anti-tumor effect of cyclophosphamide
in mammary gland adenocarcinoma in rats and mice (Anton and
Brandes, 1968) and of 1,3-bis (2-chloro-ethyl-l-nitrosourea;
(BCNU) (Cohen and Carbone, 1972). Synthetic retinoids can
prevent DMBA-induced mammary cancer (Moon et al., 1976).

Hypervitaminosis A prevented the appearance of bladder
squamous metaplasia and squamous cell neoplasia in rats fed (N-
4-(5-Nitro-2 furyl)-2-thiazolyl formamide (Cohen et al., 1976).
Feeding of 13-cis-retinoic acid after completion of carcinogen
treatment diminished the number and severity of tumors induced in
the bladders of male Fischer rats by 12 oral doses of N-butyl-N-
(4-hydroxy-butyl) nitrosamine (Grubbs et al., 1979). Similar
results have been observed in C57BL/6 mice (Becci et al., 1978).
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The growth of Shope rabbit papilloma has been inhibited by
hypervitaminosis A (McMichael, 1965). Vitamin A has also reduced
the tumor size of mice innoculated with a murine sarcoma virus of
the Maloney strain (Levine et al., 1975). Retinoic acid has
shown an inhibitory effect on the growth of untransformed,
transformed and tumor cells in vitro (Lotan and Nicolson, 1977).
Some carcinogenesis test systems have not been effected by
vitamin A.

Vitamin A Toxicity and Cancer Prevention

The toxic effects of vitamin A may limit its effective use
in human cancer prevention. Sporn et al., (1976) have summarized
the effectiveness of retinoids. These derivatives of vitamin A
have the same anticarcinogenic effect as vitamin A but are not as
toxic as vitamin A. For example, retinyl methyl ether is 20 to
100 times less toxic than retinol or retinoic acid in their
comparative toxicity to tracheal cartilage in organ culture.
Because of their lesser toxicity vitamin A anticancer experiments
in animals mostly utilize retinoids in their experimental design.

Need for Further Research

A large clinical trial would be useful to test retinoids as
a general cancer preventative on a massive scale in a general
population. 1In addition, retinoids might also be used in con-
junction with the regular chemotherapeutic cancer drugs which are
given to cancer patients. Ways to measure retinol binding
protein are needed. Concentrations of retinol binding protein
and its relationship to various disease states, particularly
cancer, should be determined.
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INTRODUCTION

Sir Edward Mellanby (1920) first demonstrated that cod-liver
0il could prevent rickets. Mellanby (1920) named this antirachi-
tic material "fat soluble vitamin D." In retrospect it is tragic
that this extremely potent sterol was classified as a vitamin; its
reclassification as a potent, carefully controlled hormone should
be seriously considered (Loomis, 1967). There is a mass of pub-
lished information on the toxic effects of excesses of vitamin D
on the arterial system in man (Forfar et al., 1956; Taussig,

1966; Seelig, 1969; Taylor et al., 1972 and Scientific reviews
(GRAS) food ingredients -~ vitamin D, NTIS, U.S. Department of
Commerce, 1974) and animals (Hass et al., 1958; Bajwa et al.,
1971; Scientific reviews (GRAS) food ingredients - vitamin D,
NTIS, U.S. Department of Commerce, 1974; Liu et al., 1979 and Peng
et al., 1978).

The saga of the use and abuse of vitamin D since the first
demonstration of its antirachitic properties in 1920 is most in-
teresting. It appears that a combination of an initial lack of
understanding of the actions and metabolism of vitamin D plus a
general expectation that vitamin D would have a favorable thera-
peutic effect on many skeletal diseases led to a rather serious,
extensive and somewhat protracted overuse of this agent. The
report by Seelig (1969) covers the history of our development of
knowledge of vitamin D very thoroughly.
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REVIEW OF PERTINENT LITERATURE

History of Development of Knowledge of Vitamin D Requirements

It was observed in 1953 and 1954 that approximately 100 new
cases of infantile hypercalcemia were being diagnosed annually in
Great Britain. This observation led to a survey of the vitamin D
enrichment practices in Great Britain (Lightwood et al., 1956;
Lightwood et al., 1957 and Forfar, 1956). This survey disclosed
that the then liberal enrichment of national dried milk, enrichment
of infant cereals plus the daily ingestion of one teaspoonful of
national cod-liver oil compound containing 700-800 I.U. would
result in an ingestion of about 4,000 I.U. of vitamin D per day.
Interestingly, a study in Glasgow (Graham, 1959) revealed that 26
infants and children had hypercalcemia while ingesting about 2,000
I.U. per day and 8 receiving about 1,000 I.U. of vitamin D per day
showed hypercalcemia. It should also be pointed out that since
essentially all British infants were ingesting 3,000 to 4,000 I.U.
of vitamin D per day there were many individuals who suffered no
111 effects. These studies suggested a rather wide range of
tolerance to ingestion of variable excessive amounts of vitamin D.
Following this study vitamin D was removed from infant cereal and
from national dried milk; the amount of vitamin D in national cod-
liver oil was also reduced significantly. Since daily intake of
vitamin D in Great Britain has been reduced to about 400 I.U. the
occurrence of hypercalcemia in infants and children has been
essentially eliminated. Jeans (1950) reported a recommended daily
intake of 400 I.U. of vitamin D (for newborns, infants, growing
children to 19 years of age and pregnant and lactating females)
which is generally accepted in the Western World.

More recently the Committee on Nutrition, American Academy of
Pediatrics has published an excellent study on the prophylactic
requirements and the toxicity of vitamin D (Fomon, 1963). This
committee wisely recommends minimal but adequate daily intakes of
vitamin D. A daily intake of 400 I.U. of vitamin D for premature
and term infants, children and adolescents up to age 19 is recom-
mended. No vitamin D is recommended for adult males and non-preg-
nant adult females. The committee further advised that pregnant
females during the second half of gestation and lactating females
should receive 400 I.U. of vitamin D. It should be mentioned that
Loomis (1967) states that unpigmented skin of man, when exposed
to solar radiation, converts a significant amount of 7-dehydro-
cholesterol to vitamin Dj; he indicated that about 20 to 25 square
centimeters of minimally pigmented skin (an area of skin present
on one cheek or the back of one hand) when exposed to 3 hours of
sunshine can convert a sufficient quantity of 7-dehydrocholesterol
to 400 I.U. of vitamin D,. Individuals with more pigment in their
skin such as Blacks and %ndians have a reduced capacity to synthe-
size vitamin D in skin exposed to sunlight. The author states that
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persons with more pigment in their skin, such as Blacks and Indians,
who live in inland areas far from the equator have a greater propen-
sity to develop rickets if they have no oral or subcutaneous sources
of vitamin D. Persons with pigmented skin living on the sea coast
(ex. Eskimos) are not susceptible to rickets because of the rich
source of vitamin D in fish liver and other tissues of fish.

Vitamin D Concentration in Foods

Fomon et al. (1963) include a table in their paper (Table IIA,
page 519) which lists amounts of vitamin D added to various foods.
They list 25 common food products eaten frequently) which contain
very significant quantities of vitamin D (80 to 1,000 I.U. vitamin
D per serving). During the past 16 years the addition of vitamin
D to frequently ingested foods has become much more common. Kummerow
(1979) presents data indicating that the average daily per capita
intake of vitamin D from vitamin D enriched foods is 2435 I.U. If
an individual is also taking one vitamin capsule containing 400 I.U.
of vitamin D each day his daily vitamin D intake is 2835 I.U.; this
level of daily vitamin D dosage is comparable to the toxic levels
of vitamin D intakes reported by the British in 1953 and 1954.
(Lightwood et al., 1956; Lightwood et al., 1957 and Forfar et al.,
1956) .

Another important source of dietary vitamin D is that present
in meats and fish. Kummerow et al. (1976) and Kummerow (1979)
present startling data on the excess amounts of vitamin D added to
animal feeds with a resultant retention of vitamin D in various
edible portions of these animals (Examples:- when layer chickens
were fed a commercial ration which assayed at 1,600 I.U. of vitamin
D per pound their skin contained 4,086 I.U. vitamin D/pound, breast
muscle - 363 I.U. and liver 1,725 I.U. of vitamin D. When swine
were fed 100,000 I.U. of vitamin D/pound of commercial ration for
6 weeks, their lean muscle contained 5,765 I.U. and liver 2,270 I.U.
of vitamin D per pound). Fish frequently have very rich concentra-
tions of vitamin D which are not of exogenous origin; their vitamin
D is endogenously synthesized (Example: vitamin D content of rock
fish - 2,700 I.U. of vitamin D per pound). Kummerow (1979) states
that the average per capita intake from vitamin D enriched foods is
2,435 1.U. which is six times the National Research Council re-
quirements. Further, many persons take an additional 400 I.U. of
vitamin D in a daily vitamin capsule.

Absorption, Turnover and Storage of Vitamin D

The metabolism and turnover of vitamin D is important and
should be discussed (Avioli et al., 1967) as well as the accumula-
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tion of vitamin D in tissues resulting from excess vitamin D intake
(Kummerow et al., 1976). Avioli et al. (1967) report that vitamin
D excretion is principally via the enterohepatic circulation; its
excretion is comparable to that of cholesterol. The biological
half-life of labeled vitamin D, is nearly 5 days (112.5 hours).
Since vitamin D is a fat soluble vitamin, once it gains entrance

to the organism (via injection or intestinal absorption) its elimi-
nation is a slow process. If given in excess vitamin D cannot be
excreted rapidly by the kidneys like the water soluble vitamins.
Excess intake of vitamin D leads to profound increases in its con-
tent in tissues and serum; Kummerow et al. (1976) have shown that
feeding 100,000 I.U. of vitamin D3 per pound of ration to weanling
pigs for 6 weeks results in a more than 15 fold increase in vitamin
D, content in skeletal muscle and a 12 fold increase in serum vita-
min D, concentration. They also present data showing a 40 fold in-
crease in skeletal muscle of vitamin D, content of humans given
massive doses of vitamin D, for osteomalacia. They reported no data
on accumulation of vitamin D, in arteries, kidney or heart. These
tissues are most sensitive to excessive accumulation of vitamin D
and will be discussed in the next section.

Toxicity of Excess Vitamin D

Excessive intake of vitamin D can adversely affect a number of
tissues (Seelig, 1969; Hass et al., 1958 and Liu et al., 1979). The
heart and kidneys have an intermediate sensitivity to vitamin D.
When there is an excess intake of vitamin D, morphologic and
functional changes involving the heart and kidneys become apparent
rather early (Seelig, 1969; Liu et al., 1979); both organs show
abnormal accumulation of calcium which destroys functional cardiac
and renal tissue. Liu et al. (1979) observed severe diffuse calci-
fic cardiomyopathy with cardiac failure after 23 weeks of excess
vitamin D intake plus nicotinism in rhesus monkeys. Seelig (1969)
presents strong evidence that excess intake of vitamin D is the
cause of the supravalvular aortic stenosis syndrome; she also
presents evidence of renal damage due to hypervitaminosis D.

There is an abundance of experimental evidence in many species
of animals indicating that arterial tissues are most susceptible to
hypervitaminosis D. (Hass et al., 1958; Bajwa et al., 1971;
Scientific Reviews (GRAS) food ingredients—vitamin D, NTIS, U.S.
Department of Commerce, 1974; Liu et al., 1979 and Peng et al.,
1978). Evidence implicating mild, protracted hypervitaminosis D
in human arteriosclerosis is also quite convincing (Forfar et al.,
1956; Taussig, 1966; Meyer & Stelzig, 1968; Seelig, 1969 and Taylor
et al., 1972). The arteries' elastic tissue is the principal
target tissue of excess vitamin D; elastic membranes and adjacent
ground substance accumulate calcium and are severely damaged or
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disrupted. Smooth muscle cells are less susceptible but at a later
stage undergo necrosis (Hass et al., 1958; Hass et al., 1960 and
Liu et al., 1979). Peng et al. (1978) reported a very significant
study in which minimal daily excesses of vitamin D, produced ar-
terial damage in squirrel monkeys. The establishea daily vitamin
D3 requirement for squirrel monkeys is 100 I.U. (Lehner et al.,
1967); it is of dinterest that vitamin D, is essentially inactive in
squirrel monkeys. Daily ingestion of 580 I.U. of vitamin D5 plus
0.5 percent cholesterol in the diet produced early but significant
arteriosclerosis within 10 months (Peng et al., 1978). Daily in-
takes of 1,000 I.U. of vitamin D, without the addition of dietary
cholesterol for 10 to 18 months also produced severe arteriosclero-
tic changes (Peng et al., 1978).

When one reflects upon the fact that the average person in the
U.S. ingests 6 to 7 times the maximal, recommended daily amount,
400 I.U. vitamin D (for infants, children and pregnant females -
adult males and non-pregnant females require no exogenous vitamin
D) over many decades, it is shocking to contemplate the effect of
ingestion of 5 to 10 times the daily required dose of vitamin D on
the arteries of squirrel monkeys. If significant arterial damage
and repair can be induced in squirrel monkeys by feeding 5 to 10
times the recommended daily intake for 10 to 18 months it is
frightening to contemplate what the daily ingestion of 6 to 7 times
the required daily intake of vitamin D (for infants and pregnant
women - 400 I.U.) might do to the arterial tree of humans over a
period of 50 or more years. Consideration of the above information
suggests that "operation over-kill" in the area of vitamin D in-
gestion in this country may be the most significant risk factor in
the genesis of arteriosclerosis; cholesterol intake and levels of
serum cholesterol may well be only important secondary factors in
the pathogenesis of atherosclerosis.

It should be re-stated that vitamin D is a fat soluble vitamin.
After it has been absorbed or ingested its elimination is a slow
process principally via the enterohepatic circulation. All persons
interested in nutrition as related to cardiovascular disease should
always be mindful that vitamin D is not a water soluble vitamin and
that excess intakes of this vitamin cannot be rapidly excreted
through the kidneys.

Finally, it should be mentioned that the traditional "end-
stage" complication of human arteriosclerosis, arterial thrombosis,
has been produced in rabbits (Hass et al., 1960) and monkeys (Liu
et al., 1979) by administration of vitamin D, nicotine and choles-
terol to these animals.
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SUMMARY AND CONCLUSIONS

Vitamin D was first identified in 1920. Numerous clinical and
experimental studies have been reported. In 1950 a recommended
daily intake of 400 I.U. for premature and term infants, children
and adolescents up to 19 years and pregnant and lactating females
was reported and accepted; no exogenous vitamin D was recommended
for adult males and non-pregnant females.

Many processors of foods add vitamin D to a wide variety of
foods. It has been estimated that the average person in the United
States ingests 2,435 I.U. of vitamin daily which is added to many
foods; also, many persons take 400 I.U. of vitamin D in a daily
vitamin capsule. There is also a great propensity for those feeding
hogs, chickens and beef to add massive quantities of vitamin D to
animal feeds. This results in accumulation of shocking amounts of
vitamin D in meat products consumed by persons in this country.
Data was presented indicating that the average person on a conven-
tional diet consumes more than 6 to 7 times the recommended daily
intake of 400 I.U. of vitamin D. The excessive consumption of
vitamin D represents another example of "operation over-kill" in
the U.S.A. It seems that those making policies for vitamin D in-
take in this country are not remembering that vitamin D is a fat
soluble vitamin with a very slow excretion rate. When excess vita-
min D is absorbed into the body it cannot be excreted rapidly by
the kidneys like the water soluble vitamins. The half turnover
time is about five days. Excess amounts of vitamin D are stored
in various tissues, e.g. cardiac muscle, skeletal muscle, kidneys
and arterial walls.

It has been shown that a daily intake of five to ten times
the required dose of vitamin D can produce significant arterioscle-
rosis in squirrel monkeys within ten months. It seems likely that
man's daily intake, which is seven times greater than that required
for a growing child, may well be the major cause of his arterio-
sclerosis; the average adult in this country may be taking this
excessive vitamin D for 50 to 60 years. Cholesterol intake and
elevated serum cholesterol levels are probably secondary contribu-
ting factors in the development of arteriosclerosis.

It is suggested that all individuals involved in the planning,
production and distribution of food and vitamins in the United States
develop and enlightened consciousness regarding vitamin D intake
and the grave complications related to prolonged, moderate over-
dosage of this vitamin. It is also suggested that all persons in
this country check labels on their food packages for their vitamin
D content in order to avoid chronic hypervitaminosis D.

Nutritionists should seriously consider establishing a national
committee to evaluate vitamin D additives in foods; hopefully, the
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rather promiscuous habit of adding significant amounts of vitamin D
to many foods could be corrected. The Food and Drug Administration
might also increase its involvement in this area in order to make
certain that many individuals in the U.S. are not unknowingly in-
ducing mild, chronic hypervitaminosis D by daily iIngestion of excess
vitamin D.
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BACKGROUND

Few areas in human nutrition are so charged with claims and
counterclaims as is that of the antioxidant. nutrients, and vitamin
E specifically. The very name of vitamin E, tocopherol, reflects
the considerable controversy which surrounds it, in that it is
derived from the Greek word meaning "bringing forth in childbirth."
The fertility effect, however, since its early demonstration in
rats by Evans and Bishop (1923), has not been demonstrated in
humans. Vitamin E was discovered when Evans and Bishop (1923)
isolated from vegetable oils a substance that helped rats produce
robust offspring. Unfortunately, this observation was picked up
by many individuals and promoted in the lay literature as a human
"sex" vitamin., This clouded the scene with regard to the biological
importance of vitamin E and has led to much misunderstanding con-
cerning both the prophylactic and potential therapeutic benefit of
vitamin E and other members of the lipid antioxidant family for the
human being. The controversy surrounding it is summed up in a
statement made by Tappel (1973): "While few compelling uses have
been found for vitamin E, the more research which is done on this
substance, the more intriguing it appears. Thus, there is a nagging
suspicion that there is a very important use for the vitamin and
we are just not smart enough to see it."

In this review the biological effects of vitamin E and others
of the lipid antioxidant family will be explored in hopes of better
differentiating between the supportable or therapeutic uses and
those which are based solely upon testimony.
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The early history of vitamin E in the period of 1922 to 1932
was fraught with considerable controversy as to what it was and
how it actually played a significant role in animal physiology
(Mason, 1977)., Sterility in rats was found in high-protein, low-
fat diets by Osborne, Mendel and Mattill. Evans and Bishop proposed
the presence of an antisterility factor in 1922, and fetal death
and resorption in rats as a result of deficiency of this factor
was reported by Mattill in 1924, Testicular degeneration was then
found in the animals treated with a fat-deficient diet, and the
essence of this substance termed vitamin E, as being related to
these fertility changes, was propounded in the monograph by Evans
and Burr, entitled "The Antisterility Vitamin: Fat-soluble E" in
1927, It was not, however, until 1931 that Olcott and Mattill
recognized the potential antioxidant effect of vitamin E.

In 1936, Evans et al., isolated a pure fraction named alpha-
tocopherol, and in 1937 Emerson et al. isolated the beta and gamma
tocopherol forms while in that same year Olcott and Emerson
discussed the mechanism of action of vitamin E, utilizing an anti-
oxidant model. The structural formula of alpha-tocopherol was
published by Fernholz in 1938, as shown in Figure 1. During this
period it was found that vitamin E deficiency produced a
nutritionally-induced muscular dystrophy in rabbits, similar to
forms which had been observed in the guinea pig some seven years
earlier, Later it was found that the muscle wasting in chicks,
termed "exudative diathesis" was also related to vitamin E
deficiency.

Dam's laboratory provided evidence of the antiencephalo-
malasic property of alpha-tocopherol in chicks (1938), and,
MacKenzie et al. (1940) found that a lack of alpha-tocopherol alone
was responsible for the myopathic changes previously described in
the rabbit. The two decades following 1920 witnessed the isolation
of a fat-soluble constituent of food of importance in optimizing
physiologic function in many animal species, but which had not yet
been identified with any human deficiency disease. A major gquestion
which remained from this period was, and still is, whether the
tocopherols as a family have functions other than those as biologic
antioxidants in animals. It has become clear, however, that
biologic antioxidation is a major pathway by which the tocopherol
family and other lipid soluble antioxidants do, in fact, elicit
their function,

We now recognize many human pathologic conditions as being
associated with increased oxidation, particularly of the free-
radical oxidation type (Dormandy, 1978). Generally speaking, free-
radical oxidation is a result of an oxidant material interacting
with a biological component, such as a cell membrane lipid or a
protein, to produce a free-radical chain-carrying species which



LIPID ANTIOXIDANT NUTRITION 141

HO

2}-Ra
o/ CHy

Re
R3

TOCOLS

3
R4 = CHa(CHaCHpCHCHg)sH

TOCOTRIENOLS
3

R4 = CHa(CHaCH=CCH2)sH

Tocol Tocotrienol Methyl Positions
a - (alpha) T - (zeta) 5,7, 8
g8 -~ (beta) e - (epsilon) S, 8
Yy - (gamma) n - (eta) 7, 8
§ - (delta) 8-methyl-tocotrienol 8

Figure 1. Chemical structures of naturally occurring tocopherols
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Figure 2. Generation of free radicals in biological systems by
(1) thermal or photolytic homolysis, (2) one electron
redox reactions, (3) high energy radiation and photo-
lysis of water.

can then produce considerable cell or tissue degeneration. Lipid
peroxides, for instance, are formed by a series of oxidation
reactions of unsaturated lipid material and have been identified

as important degradative biomolecules involved in the cellular
aging process. In oxygen toxicity, air pollution, oxidative damage
to cells, and a host of other degenerative biochemical transforma-
tions, the formation of lipid peroxides involves a reaction of
biochemical oxidants with polyunsaturated lipids (Bland, 1976), as
is diagrammed in Figure 2.
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VITAMIN E AS A FREE~-RADICAL TRAP

The free-radical intermediates, as shown in Figure 2, occur
in almost all biologic systems. Cells and tissues are generally
protected against oxidizing free radicals by complexing of anti-
oxidant mechanisms, some of which are intimately involved with
the fat-soluble vitamin families, such as the tocopherols.

In disease, these mechanisms may fail to protect or conversely
the mechanisms may fail and cause disease. The primary products
of free-radical oxidation undergo rapid and spontaneous fragmenta-
tion. Many of these fragments are also highly active in biologic
systems. Some have considerable survival time and may induce long-
term degenerative effects. In the excellent review by Dormandy
(1978), he discusses the importance of free-radical oxidation and
antioxidants in human health and disease and says: '"Because of
the numerousness and instability of free-radical oxidation products,
their characterization and isolation are fraught with difficulties,
but there is no longer any doubt that many are extraordinarily
powerful and have an astonishing range of effects upon biologic
systems. Some are cytotoxic, some have striking bacteriostatic
properties, some affect platelet aggregation, some have prostaglandin-
like activity on neuromuscular transmission, and some of the processes
which might be influenced or governed by these products in vivo have
considerable survival value." The insidious character of these free-
radical-induced lipid peroxidations suggests that the mechanism of
formation involves a chain-carrying propagation process as seen in
Figure 3 (Bland, 1976). Conceivably, then, only a few free radicals
need necessarily be produced within a biochemical system to induce
considerable lipid peroxidation and associated damage.

+02 /+62\

/-\‘ . Oo
/’ +LH
LOOH

=

L. LOO-+ LH

chain 190 L
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/N
L. 00
Chain +LH
Branching LOOH~—# Carbonyls

Figure 3. Mechanism of free radical reaction leading to fatty acid
hydroperoxides.
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Recently, Cohen and Cedarbaum (1979) have demonstrated that
reduction of oxygen during microsomal electron-transfer reactions
can ultimately produce hydroxyl radicals, which can participate
as active chain-initiating species in production of the peroxides.
Other free-radical initiators found in biological systems include
hydrogen peroxide, superoxide, anion radical, and singlet oxygen.
Formation of lipid peroxides is most commonly associated with
regions of the biochemical systems which are abundant in polyun-
saturated fatty acid phospholipids. Cellular membranes, including
mitochondrial and microsomal membranes, are composed of fatty acids
with two, four, five, and six double bonds, which have been shown
to be rapidly peroxidized via free-radical mechanisms with increasing
ease in the absence of protection by the nutrient antioxidant agents.
The autooxidation of fats is a common phenomenon. In food stuffs
it is known as the process which causes rancidity. It has also been
shown to occur in vitro in adipose tissue and in vivo in human red
blood cells under conditions of hyperoxia. It is enhanced in the
presence of iron, a potent generator of free radicals, and of
ascorbic acid. Co-oxidation of unsaturated fatty acids and ascorbic
acid occurs as a coupled reaction with ferrous iron. The forms of
vitamin E, such as alpha-tocopherol, are methyl-substituted phenolic
derivatives, which have a chroman ring, accounting for their reac-
tivity with free radicals, and a fatty acid side chain making them
soluble in lipids (Figure 1).

Because of its capacity to trap free radicals, as a one-electron
reducing agent, vitamin E prevents the oxidation reactions described
above. As can be seen from Figure 4, as alpha tocopherol serves as
a selective oxidant trap (thereby reducing the free-radical chain-
carrying process), it leads to the ultimate oxidation product
tocoquinone. Evidence is accumulating to demonstrate that vitamin
E presents itself nicely in vivo as a selective lipid antioxidant
in fat-rich organelles, such as cellular membranes. For instance,
patients afflicted with beta-thalassemia major show virtually every
kind of erythrocyte membrane deformation abnormality that has been
described. 1In addition, Stocks, et al. (1972) have found an increasing
susceptibility of thalassemic red blood cells to oxidant stress.
Rachmilewitz et al. (1976) have found that beta-thalassemics show a
nearly two-fold increase in total red cell lipids and a correspondingly
larger amount of lipid per cell, which is susceptible to peroxidation.
After oxidant stress they find increases in malonaldehyde concentra-
tions which can only exist as a result of increased lipid peroxidation
(Trostler et al. 1979). Graziano et al. (1976) have found recently
that the iron-chelating drug 2,3-dihydroxybenzoic acid is an effective
inhibitor of red cell membrane peroxidation in thalassemics. Hemolysis
is almost always found to be preceded by lipid peroxidation. Barker
and Brenn (1975) have found that peroxidation of red cell membrane of
vitamin E deficient rats proceeds in a similar manner to the peroxi-
dation of mycellar phospholipids in vitro, and they suggest that
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peroxidation exposes both polar and nonpolar lipid sites in the red
cell membrane, resulting in its weakening. Kahane and Rachemilewitz
(1976) have recently found that alterations due to increased lipid
peroxidation in thalassemics' erythrocyte membranes can be prevented
by the ingestion of larger amounts of vitamin E, which is consistent
with the antioxidant model for the tocopherols.

Recently Bowie et al. (1979) have reported that the crisis of
sickle cell anemia is associated with increased lipid peroxidation
of the red cell membrane leading to increased malonaldehyde concen-
trations of membrane lipids. The sickle cells are much more
susceptible to oxidatively-induced hemolysis when exposed to
hydrogen peroxide than normal red cells. Vitamin E, when present in
the incubation medium, was found to suppress the formation of
malonaldehyde in the sickled red cell when exposed to peroxide.
Interestingly, intracellular calcium, which is known to become ele-
vated during the formation of irreversibly sickled cells, also was
decreased at high vitamin E levels.

CH, CH,
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cH, 22,
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CH;, CH,4
R =CyHy,

Figure 4, Oxidation of a~tocopherol

Vitamin E does not participate in this process of antioxidation
by itself. It works in conjunction with other nutrient-derived
antioxidants, as can be seen in Figure 5. The interaction of
vitamin E with the selenlum-activated enzyme, glutathione peroxidase,
and sulfur amino acids renders the lipid-rich regions of tissue
systems much less susceptible to peroxidative damage induced by
free radical reactions.

VITAMIN E DEFICIENCY AND ANEMIAS

Vitamin E deficiency in infants is known to lead to hemolytic
anemia, with the typical syndrome appearing at four to six weeks of
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Figure 5. Interactions among selenium, vitamin E, and sulfur
amino acids in inhibition of lipid peroxidation
damage.

age in infants of birth weights less than 1500 grams, and is
characterized by reticulocytosis, thrombocytosis and low hemoglobin
values. Blood studies have revealed a variable red cell morphology,
with decreased plasma concentrations of vitamin E and very marked
increased sensitivity of the erythrocytes to hemolysis induced by
exposure to dilute solutions of hydrogen peroxide. This demonstrates
that these infants are unable to withstand oxidative stress and
thereby have increased tendencies toward lipid peroxidation with

the attendant loss of membrane integrity and function, resulting in
anemia. A number of factors have been found to contribute to the
vitamin E deficient status of the small premature infant. Even full-
term infants with birth weights of 3500 grams or more are relatively
vitamin E deficient at birth, having plasma concentration of 0.2 to
0.6 mg/dl (normal adult 0.75 to 0.92 mg/dl), and body stores of
about 20 mg. Breast-fed infants quickly achieve adult values, but
infants fed artificial formula may take months to reach adult values
if their diet is not adequately supplemented. It is interesting to
note that iron supplements, which are commonly given to these low-
birth-weight babies, increase the rate of free-radical peroxidation,
and can actually exacerbate this vitamin E deficiency in premature
infants (Oski and Barness, 1967). The studies of Melhorn and Gross
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(1969) demonstrated that administration of exogenous irom at a dose
of 8 mg/kg/day to vitamin E deficient premature infants produced a
more severe anemia than non-iron supplementation. Their conclusion
was that iron precipitated hemolysis in the vitamin E deficient state
by increasing free radical peroxidation. The work of Oski (1977) has
demonstrated that these premature infants, when given iron in con-
junction with d-alpha tocopherol administered intramuscularly in a
dose of 200 to 800 mg, responded by a rise in hemoglobin from 7.6

to 9.8 g/dl, and a reduction in the hydrogen peroxide hemolysis

test from 80 percent to 8 percent. In a subsequent study it was
shown that daily administration of 25 mg of vitamin E by mouth,
starting in the first week of life will prevent the hemolytic anemia
associated with vitamin E deficiency in the low-birth-weight
premature infant. The optimum dose was found to be 125 mg/kg of
dl-alpha-tocopherol in a water dispersible vehicle, administered
intramuscularly in four divided doses on days one, two, seven and
eight of life.

The antioxidant action of vitamin E may have important
implications for the integrity of other cells in addition to the red
cells that are susceptible to oxidant-induced injury. Of particular
importance to the human infant is a possible role of vitamin E
deficiency in the genesis of retrolental fibroplasia and broncho-
pulmonary dysplasia. Johnson and associates (1976) have shown that
even when oxygen is carefully administered, controlled or omitted,
retrolental fibroplasia may occur in premature infants because the
retinal vessels, which usually develop during intrauterine life at
oxygen tensions of 50 to 55mm/Hg, are exposed to abnormally high
tensions before retinal vascularization is complete. The result
may be vasoconstriction and obliteration of retinal arteriols and
capillaries. Johnson et al. (1976) conducted a clinical trial in
which alternate infants with birth weights of less than 2000 g were
started on vitamin E or a placebo within four to 24 hours of birth.
The study was designed to determine if the vitamin E supplemented
infants who had higher serum levels of vitamin E had less incidence
of retrolental fibroplasia, or regression of the symptoms as
determined by indirect ophthalmoscopy. Follow-up of 48 infants at
one year of age revealed that six of eight with retrolental fibro-
plasia treated with vitamin E had normalized as compared with seven
of 18 who received placebo injections, and one of 12 who were not
treated.

Recently, Ehrenkranz et al. (1978) have reported that
respiratory distress syndrome in neonates who develop broncho-
pulmonary dysplasia can be significantly ameliorated by the adminis-
tration of vitamin E. Twenty infants received vitamin E administered
intramuscularly during the acute phase of the syndrome and twenty
infants served as controls. Administration of vitamin E signifi-
cantly increased the serum vitamin E concentration. None of the nine



148 J.BLAND

vitamin E treated patients had changes characteristic of broncho-
pulmonary dysplasia, and all survived, whereas six of the 13 controls
had x-ray changes consistent with the condition and four died. The
conclusion of the authors was that administation of vitamin E during
the acute phase of the respiratory distress syndrome appears to modify
significantly the development of dysplasia.

Consistent with this view that infants, and more specifically
premature infants of low birth weight, are susceptible to increased
lipid peroxidation as a result of antioxidant insufficiencies is a
report from Money (1978). He reported the low liver contents of
vitamin E, selenium, and vitamin A in infants with sudden infant
death syndrome as compared to that of control childremn. The results
of this study indicate that low levels of vitamin E and organoselenium
compounds may be important in the development of certain forms of
sudden infant death syndrome and should be given further attention.
Further, ferrous sulphate, an iron supplement which is known to in-
crease peroxidation, could involve a special risk.

VITAMIN E INSUFFICIENCY IN THE ADULT

One of the lengthiest and most extensive of the studies in
adults with regard to vitamin E nutriture was that of Horwitt and
coworkers (1960, 1962, 1978). Under the sponsorship of the Food
and Nutrition Board of the National Academy of Sciences, this long-
term project was begun in 1953 to determine the need for vitamin E
by adult male subjects. Low plasma tocopherol levels and increased
susceptibility of red blood cells to hemolysis in the presence of
hydrogen peroxide were used as criteria of insufficient vitamin E.
The basal diet supplied about three milligrams of d-alpha~-tocopherol
daily, and depletion occurred slowly, but was found to be acceler-
ated by increasing the daily consumption of polyunsaturated fatty
acids, principally linoleic acid. This is presumably a result of
the increased need of antioxidants to protect the reactive sites of
unsaturation in these fatty acids against peroxidation. During the
course of this eight-year study, several changes were made, each
one accentuating the decrease in plasma tocopherol. Horwitt (1956)
observed that subjects maintained on low tocopherol diets for long
periods of time showed small, but significant, decreases in
erythrocyte lifetime and that subsequent administration of 300 mg
d-alpha tocopheryl acetate daily resulted in small, but significant,
increases in reticulocyte count. These results were consistent with
those of Marvin et al. (1960), who showed a substantial decrease in
erythrocyte survival time in monkeys which were severely deficient
in vitamin E.

Malabsorption syndromes were long suspected as causes of
vitamin E deficiency. 1In some cases of cystic fibrosis, chronic
pancreatitis, biliary atresia, and celiac disease, findings of
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extensive deposition of lipid peroxidized material, such as ceroid,
and muscle necrosis were taken as indirect evidence of vitamin E
deficiency (Herting, 1966). Increasing numbers of reports have
demonstrated the direct correlation between the classic signs of
vitamin E deficiency (including creatinuria, ceroid deposition,
muscle weakness, increased serum creatine phosphokinase, and sub-
normal levels of alpha tocopherol in blood or adipose tissue) in
cases of cystic fibrosis, biliary atresia, nontropical sprue,
xanthomatous biliary cirrhosis, chronic pancreatitis, and a host
of other conditions generally characterized by steatorrhea. Thus,
there appears to be little question that malabsorption syndromes
lead to vitamin E deficiencies in the human.

In a recent report by Tsai et al. (1975) the effect of mega-
vitamin E supplementation in humans was examined. Two hundred and
two subjects were randomly assigned to treatment groups, one
receiving 600 I.U. of dl-alpha tocopheryl acetate daily and the
other a placebo tablet. The experiment was double blind and pro-
ceeded for a period of four weeks. Results of this study showed
that the megavitamin E supplementation did not have an effect on
work performance, sexuality, and general well being, and did not
cause muscular weakness or gastrointestinal disturbances, based
upon subjective evaluations of the treated group. Vitamin E
supplementation at this level did not affect the prothrombin time,
total blood leucocyte count, or serum creatine phosphokinase
activity of the subjects. Serum triglyceride levels were signifi-
cantly elevated in vitamin E supplemented females, but not in males.
Megavitamin E supplementation significantly decreased serum tri-
and tetra-iodothyronine concentrations in males and in females not
using steroid oral contraceptive agents. In general, then, the
study indicated that under experimental conditions of the study,
vitamin E supplementation at fairly large level