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INTRODUCTION

Although the vitamin biotin was discovered some sixty years ago, there was
until recently relatively little emphasis on the study of biotin in man. This was
because of the extremely rare occurrence of human clinical deficiency of biotin
and the lack of knowledge of the associated biochemical abnormalities. The
rarity of biotin deficiency is a consequence of the small daily requirement for
this water-soluble vitamin, the broad distribution of biotin in foods, and the
synthesis of biotin by intestinal flora. The recent increased interest in the
metabolism of biotin was stimulated by the discovery in the last fifteen years of
infants and children with inherited defects in the metabolism of biotin and by
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the fact that they can be successfully treated with pharmacological doses of
biotin. Two forms of “biotin-responsive multiple carboxylase deficiency” have
greatly increased our knowledge about the clinical and biochemical con-
sequences of abnormalities of biotin metabolism and of the deficiency of biotin.
An excellent symposium on biotin was published recently (38).

History of Biotin

In the 1920s and 1930s it was discovered that a diet high in raw egg white
caused dermatitis, hair loss (alopecia), and neurologic abnormalities in rats (23,
24, 117, 118). These could be prevented by a “protective factor X” present in
potato starch, yeast, egg yolk, and milk (24) as well as liver (117). A similar
dermatitis in chicks fed a diet rich in egg white was corrected by liver extract
(91). A factor protective against egg white injury was found in liver and yeast
and named vitamin H (62, 63). A yeast growth factor initially isolated from
yeast and then egg yolk was named biotin (83) and later noted to have vitamin H
activity (44, 66). The structure of biotin was determined in 1942 (43, 97) and
vitamin H and biotin were shown to be identical in microbiological assays (89).
A legume nodule respiration factor, coenzyme R, was ako shown to be
identical to biotin (159). Biotin was first synthesized in 1943 (69), the crystal
structure determined in 1956 (155), and the stereospecific total synthesis of the
natural isomer d-(+)-biotin was accomplished in 1975 (35, 109).

The structure of the natural isomer, d-biotin, shown in Figure 1, contains a
ureido group in a five-membered ring fused with a tetrahydrothiophene ring
with a five-carbon side chain terminating in a carboxyl group. Biotin is
synthesized biochemically from pimelic acid, a seven-carbon dicarboxylic
acid, r-alanine, and L-cysteine by a variety of microorganisms (75). The
biochemistry and genetics of the synthesis of biotin have been particularly well
studied in E. coli (46).

The agent in raw egg white causing the toxic manifestations that are reversed
or prevented by biotin is the protein avidin (45). Avidin binds biotin with a very
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Figure 1 Structures of biotin and biocytin.
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high affinity, the dissociation constant is 10~'> molar (60). Thus ingestion of
large amounts of avidin leads to the formation of biotin-avidin complexes and
prevents the absorption of biotin; this creates a deficiency of biotin and the
resulting symptoms (64, 65).

Metabolic Role of Biotin and its Metabolism

In mammals and birds, biotin is a covalently bound cofactor in four enzymes,
all carboxylases involved in the fixation of carbon dioxide and requiring
adenosine triphosphate (ATP) (102). Acetyl-CoA carboxylase catalyzes the
formation of malonyl-CoA from acetyl-CoA, bicarbonate, and ATP. Malonyl-
CoA is then utilized in fatty acid synthesis and fatty acid chain elongation. Thus
biotin is essential for lipogenesis.

Pyruvate carboxylase catalyzes the synthesis of the tricarboxylic acid cycle
intermediate, oxaloacetic acid from pyruvate, bicarbonate, and ATP. This
provides an intermediate to prime the cycle as well as providing a source of
carbon skeletons for the amino acids aspartate and glutamate derived from the
cycle. In the gluconeogenic tissues liver and kidney, the oxaloacetic acid is
utilized for the synthesis of glucose. Thus biotin plays a critical role in energy
metabolism and in synthesis of amino acids and glucose.

Propionyl-CoA carboxylase catalyzes the carboxylation of propionyl-CoA to
methylmalonyl-CoA, which is then isomerized to succinyl-CoA and enters the
tricarboxylic acid cycle. Thus biotin is essential for the catabolism of propionic
acid, which is derived from intestinal flora, from the catabolism of the amino
acids isoleucine, valine, methionine, and threonine, the side chain of cholester-
ol, and from the oxidation of odd-numbered fatty acids.

3-Methylcrotonyl-CoA carboxylase forms 3-methylglutaconyl-CoA from
3-methylcrotonyl-CoA in the catabolic path of the amino acid leucine. Ace-
tyl-CoA carboxylase is localized in the cytosol: the other three carboxylases are
localized in the mitochondria. The function of biotin in the carboxylases is to
carry the carbon dioxide. Carboxybiotin is formed with energy provided by
ATP and the carboxyl group transferred to the organic acid substrate.

The carboxylases are synthesized as enzymatically inactive apocarboxylases
lacking biotin. Enzymatically active holocarboxylases are formed by the cova-
lent attachment of biotin to the apocarboxylases, catalyzed by the enzyme
holocarboxylase synthetase (1). Holocarboxylase synthetase catalyzes two
sequential reactions. The first is the activation of biotin with ATP to form
biotinyl-adenylate. This then is reacted with the epsilon amino group of a lysine
in the active site of the apocarboxylase, forming a covalent amide bond of
d(+)biotinyl-e-N-L-lysine. This biotinylated lysine is named biocytin.

Holocarboxylase synthetase is present in both the cytosol and mitochondria
but it is not yet known whether biotin is attached to the mitochondrial carboxyl-
ases before or after their incorporation into the mitochondria. As discussed
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below, the properties of human mutant holocarboxylase synthetaseindicate that
both the mitochondrial and cytoplasmic forms are encoded by one gene and that
the same holocarboxylase synthetase attaches biotin to all four apocarboxyl-
ases. Holocarboxylase synthetase from species as disparate as rabbit, yeast, and
bacteria can attach biotin to apocarboxylases from the different species (95). In
all of the carboxylases for which the amino acid sequences around the biocytin
are known, the lysine is flanked by methione residues (174).

In the normal turnover of the holocarboxylases in cells, they are degraded by
proteolysis to small biotin-containing peptides or biocytin. The biotin-lysine
amide bond is not hydrolyzed by proteolytic enzymes or peptidases. A specific
hydrolyase, biotinidase, catalyzes the cleavage of biocytin to biotin and lysine
and of short biotinyl-peptides to biotin and peptides (82, 84, 153). This enzyme
is found in the serum as well as in many tissues (175). One metabolic role for
biotinidase is to release biotin from biocytin derived from proteolysis of
holocarboxylases, permitting the reutilization of biotin. Most of the biotin in
foods such as meat and cereals is protein-bound (63, 154) and biotinidase is the
only known enzyme that catalyzes its release (170). Biotinidase is present in
pancreatic juice and intestinal mucosa but is not enriched in intestinal brush-
border membranes (168, 170). Thus it is likely that biotinidase plays an
important role in the utilization of protein bound dietary biotin (170).

Very little is known about the mechanisms of absorption of biotin from the
intestine. Everted sacs of rat intestine showed no concentrative uptake of biotin
and a linear increase in movement across the intestine from 1-10 @M, which
suggests diffusion (156). The concentration of biotin in rat intestinal contents
was estimated to be 80-700 nM, and assuming rat plasma content of biotin to be
comparable to the 0.8-3.0-nM biotin in human plasma, the concentration
gradient would perinit adequate uptake by diffusion. Another study of intestinal
transport of biotin confirmed the lack of concentrative transport in the rat,
rabbit, and guinea pig, but found concentrative transport in the mouse and
hamster (137). Further study of the transport of biotin in the hamster small
intestine showed it to be activated by sodium and to have a X for biotin of 1 mM
(20). There is some question about whether this is the physiological mechanism
for biotin transport since the K; was so high and lipoic acid (thioctic acid) was a
competitive inhibitor with a K; one third the K| for biotin. It has been shown in
vivo in humans that, at high concentration, biotin can be absorbed in the large
intestine as well as the small intestine (136). Even less is known about the
absorption of biocytin, although it is a competitive inhibitor of biotin absorption
in the small intestine of the hamster (137).

Some of the biotin in plasma is free but considerable amounts are bound
(139). Biotin binds to crude fractions of human albumin and alpha- and
beta-globulins (51). There is a biotin-binding glycoprotein in human plasma
(54, 157). Whether this protein has a functional role in biotin transport is not
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known. The clearance of biotin by the kidneys is 41-44% of that of the
clearance of creatinine at normal concentrations of biotin in plasma (17). This
may be due to incomplete glomerular filtration as a consequence of the binding
of biotin to plasma proteins or to tubular reabsorption. Rat renal brush border
vesicles show facilitated diffusion of biotin (17).

The cellular uptake of biotin by fully differentiated mouse 3T3-L1 cells
(adipocyte-like) is temperature dependent, saturable at concentrations less than
50 uM, and relatively specific (34). However the Kp,, of 22 uM appears rather
unphysiological since human plasma levels of biotin are about 10,000 times
lower than this K,. Above 50-uM biotin, the uptake was linear and nonsatura-
ble, which suggests diffusion. Biotin uptake by HeLa cells in 20-400-pM
biotin was temperature dependent but nonsaturable (39). In contrast, uptake of
biotin in an avidin complex was temperature dependent, saturable, and greater
than the uptake of free biotin. Similar results were found for human fibroblasts
(30). It was suggested that the biotin-avidin complex was bound to the cells and
taken up by pinocytosis. Since avidin is not a mammalian protein, they
suggested that it mimics an as yet unknown biotin-binding plasma protein.
There is considerable question about the physiological relevance of these
studies since the lowest concentration of free biotin used was 0.8 uM, which is
about 300 times the concentration of biotin in human plasma.

Dietary Requirement for Biotin

The dietary requirement for biotin in man is not known with certainty. This is
partially a result of uncertainty in the analysis of available biotin in foods and of
uncertainty in the magnitude of biotin production by intestinal flora. The
methods for analyzing biotin and its nutritional importance have been reviewed
(25, 163). Most analyses for biotin have been done with microbiological assays
(163). Some microorganisms can utilize only biotin, whereas others can utilize
biotin and biocytin. More recent radioisotope dilution assays with avidin
measure any ureido-containing metabolite as well as biotin (40). Another
variable in the analysis is that of the techniques used to digest the foods to
release biotin. There is some uncertainty about how much of the microbiologi-
cally assayed biotin in different foods is actually available for mammalian
nutrition.

The approximate biotin contents of foods have been tabulated (68, 163).
Note that the concentrations in (163) should be in g/100 g rather than mg/100
g. Liver, egg yolks, and cooked cereals are highest in biotin, containing 20-100
/100 g. The calculated biotin in a composite Canadian diet was 62 g per day
and actual analysis of the diet gave 60 p.g per day (73). A similar calculation of
the British diet revealed an intake of 33 pg of biotin per day (27). When daily
dietary intakes were 33, 37, and 54 g of biotin, the daily urinary excretions of
biotin were 30, 51, and 42 g respectively, and daily fecal excretions of biotin
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were 79, 191, and 241 respectively (41, 52, 110). Thus urinary excretions of
biotin were approximately equal todietary input whilefecalexcretions were 2.5
to 5 times higher. This indicates considerable synthesis of biotin by the
intestinal flora, but the amounts that are absorbed are unknown.

The extent of synthesis of biotin by the intestinal flora and the amount
absorbed from the intestine have not been conclusively measured by attempts to
sterilize the gut with antibiotics. Although fecal excretion of biotin decreased
with oral administration of sulfonamides in one study (61), in another there was
no decrease when avidin was not included in the diet (111). There was no
decrease in the urinary excretion of biotin in these studies, nor was there a
decrease when neomycin was given (93). In contrast, a very high dose of
streptomycin caused a marked decrease in urinary biotin (130). It is possible
that most of the biotin synthesized by intestinal flora is retained intracellularly
as protein-bound biotin and that relatively little is available for human nutrition.

Typical dietary intakes of biotin are 3060 g per day (27, 73). The lack of
any clinical indications of biotin deficiency at this level suggests that this is an
adequate daily intake. European countries do not have arecommended intake of
biotin, but in Canada 40 pg per day is the suggested intake (27) and in the
United States intakes of 35 g per day for infants, increasing with age to 200 g
per day, have been recommended (107). Human breast milk contains 0.7-1.3
g of biotin per 100 ml or0.17 ug per g of dry matter, similar to formulas based
on whole cow’s milk (0.21 g per g dry matter); formulas based on skim milk or
demineralized milk contains less biotin, a mean of 0.095 (72). Infants in the US
who are breast fed or given formulas containing minimal biotin typically
consume 6-10 pg of biotin per day (169). During mature milk production,
2-14% (1-11 pg per day) of the maternal intake of biotin (81 wg per day) was
found in breast milk (36).

The human neonate begins extrauterine life with higher levels of biotin in the
blood than those of adults. The concentration of biotin in cord blood is 35-50%
higher than in maternal blood (3, 4). Oral or intramuscular administration of
200 g of biotin to the mother 1-7 hours before birth significantly elevated
biotin levels in both maternal and cord blood and increased the concentration in
cord blood 100% above that in maternal blood (3). These studies indicate that
placental transport of biotin occurs. In these studies, maternal blood levels of
biotin were normal at the time of delivery. In another study maternal blood
levels of biotin were about 50% of normal between 3 and 9 months of pregnancy
(21). The intake of biotin from breast milk and the urinary output of biotin has
been studied over the first week of life (67). Urinary biotin levels were higher
from one to three days, then decreased five-fold by days six and seven. The
intake of biotin was almost zero on days one and two then rose to a plateau by
day six. Urinary excretion greatly exceeded intake from breast milk for the first
four days, and at days six and seven intake was about double the excretion.
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BIOTIN-RESPONSIVE MULTIPLE CARBOXYLASE
DEFICIENCY

Isolated Deficiencies of Individual Carboxylases

Inherited deficiencies of each of the three mitochondrial biotin-containing
carboxylases are known in humans. These isolated deficiencies are due to
abnormal apoenzyme structures and do not respond to pharmacological doses
of biotin.

Propionic acidemia is due to a deficiency of propionyl-CoA carboxylase.
Patients with this disorder typically have episodic vomiting, severe ketosis, and
metabolic acidosis, progressing to coma. If the disorder is not fatal in early
infancy, many patients have failure to thrive and mental retardation (172). The
characteristic biochemical abnormalities are elevated concentrations of pro-
pionic acid in blood and elevated levels of secondary metabolites in urine,
including 3-hydroxypropionic acid, an oxidation product, and 2-methylcitric
acid, which is formed by the condensation of propionyl-CoA and oxaloacetic
acid in a reaction catalyzed by citrate synthetase. When patients are acutely ill,
propionylglycine, tiglylglycine, 3-hydroxy-#n-valeric acid, and other abnorinal
metabolites are found in the urine. In very young infants concentrations of
ammonia are elevated in blood, as are concentrations of glycine in plasma and
urine. Patients have been reported with biotin-responsive propionic acidemia
(6, 71). In one, the concentrations of propionic acid in blood achieved after an
isoleucine load appeared to be less after treatment with biotin (6), but the
clinical course was not appreciably altered by treatment (J. V. Leonard,
personal communication) and the activity of propionyl-CoA carboxylase in
fibroblasts remained very low in the presence of high concentrations of biotin
(L. Sweetman, unpublished). In the other (71), studies of peripheral lympho-
cyte carboxylases after a long period without biotin were completely normal
and the patient was well (J. C. Williams and L. Sweetman, unpublished).

Isolated deficiency of 3-methylcrotonyl-CoA carboxylase has been reported
in three patients. Two siblings were asymptomatic while receiving a low-
protein diet (19). Increased dietary protein caused vomiting, acidosis, and
hypoglycemia in one patient. There was some hair loss but no rash. Another
patient presented with severe hypoglycemia, mild metabolic acidosis, hypoton-
ia, and coma (8). All of the patients excreted large amounts of the metabolites of
3-methylcrotonyl-CoA: 3-hydroxyisovaleric acid (which is formed by hydra-
tion) and 3-methylcrotonylglycine (which is formed in a reaction catalyzed by
glycine N-acylase) as well as variable amounts of 3-methylcrotonic acid. None
of the patients responded to biotin with a decrease in the excretion of meta-
bolites, but all were clinically well after treatment with diets restricted to
1.8-2.0 g of protein/kg body weight per day. A patient reported earlier with
neurological symptoms similar to Werdnig-Hoffmann disease in whom 3-
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methylcrotonylglycinuria and 3-hydroxyisovaleric aciduria were unresponsive
to small doses of biotin may have had the same disorder, but multiple carboxyl-
ase deficiency was not totally excluded (138). This is true for another patient
who excreted large amounts of 3-hydroxyisovaleric acid and was deficient in
3-methylcrotonyl-CoA carboxylase (49). In two additional patients with biotin-
responsive excretion of 3-methylcrotonylglycine and 3-hydroxyisovaleric acid,
multiple carboxylase deficiency was not excluded (32, 56, 80).

Isolated deficiency of pyruvate carboxylase causes an elevation of lactic
acid, pyruvic acid, and alanine levels in blood (42). There are two forms of this
disorder, a more severe form that does not produce the pyruvate carboxylase
protein and a less severe form that produces an enzymatically defective pyru-
vate carboxylase (123). These patients usually have severe neurological prob-
lems and early death. None of the patients have responded to biotin therapy.

A patient with an isolated deficiency of acetyl-CoA carboxylase has been
reported (22) but there was not a consistent deficiency of the enzyme in cultured
fibroblasts (H. R. Scholte, personal communication).

Abnormal Holocarboxylase Synthetase

The literature on biotin-responsive multiple carboxylase is confusing because
of the evolution of terminology and knowledge. Most of the early studies by a
variety of investigators were of a single patient, variously referred to as J.R. and
J.Ri. Therefore it is useful to review the historical progression of the many
studies on this patient that culminated in the characterization of an abnormal
holocarboxylase synthetase. .

J.R. was initially described in 1971 under the heading of biotin-responsive
B-methylcrotonylglycinuria (58). He had tended to vomit since birth, and an
erythematous skin rash began at six weeks of age. At five months he developed
rapid respiration, persistent vomiting, and unresponsiveness, and was found to
have ketosis and metabolic acidosis. Analysis of urine by gas chromatography—
mass spectrometry showed a large elevation of 3-methylcrotonic acid and
3-methylcrotonylglycine, with lesser elevations of 3-hydroxyisovaleric acid
and tiglylglycine (57, 58). The pattern of excretion of metabolites was largely
consistent with a deficiency of 3-methylcrotonyl-CoA carboxylase. Reasoning
that this was a biotin-requiring enzyme and that biotin might be therapeutic, an
empirical dose of 10 mg of biotin per day was given orally. The clinical and
biochemical response was dramatic. Vomiting, ketosis, and acidosis resolved
in one day, the elevated levels of urinary metabolites became normal in 2—4
days. The skin rash cleared, and he developed normally with continued treat-
ment with biotin. At two years of age, the dose of biotin was reduced until he
began to excrete 3-methylcrotonylglycine and 3-hydroxyisovaleric acid. At
that time the activity of 3-methylcrotonyl-CoA carboxylase in leucocytes was
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shown to be low, 12% of an age-matched control or 20% of the normal adult
level of activity (59).

Two facts suggested that an abnormal 3-methylcrotonyl-CoA carboxylase
was not the complete story. First, a deficiency of this enzyme did not account
for the excretion of tiglylglycine since tiglyl-CoA is not a normal substrate for
the enzyme. A year after the initial report, tiglylglycine levels were shown to be
elevated in urine of patients acutely ill with propionic acidemia in whom there is
a deficiency of another biotin-containing enzyme, propionyl-CoA carboxylase
(121). Second, free biotin is not a substrate or cofactor for 3-methylcrotonyl-
CoA carboxylase itself, but rather a substrate for holocarboxylase synthetase,
which attaches biotin covalently to apo-3-methylcrotonyl-CoA carboxylase.

Although the specificity of holocarboxylase synthetase for apocarboxylase
was not known, it was thought likely that it acted on more than one apocarbox-
ylase. Consequently, studies on the possibility of a biotin-responsive de-
ficiency of propionyl-CoA carboxylase were undertaken. At two years of age,
while J.R. was clinically well but receiving only 0.5 mg of biotin per day, he
had a large excretion of 3-hydroxyisovaleric acid of about 7 pwmol per mg
creatinine, and about 30% as much 3-methylcrotonylglycine (143). There were
very significant elevations in the excretion of 3-hydroxypropionic and 2-
methylcitric acids, which are the characteristic urinary metabolites of patients
with propionic acidemia. Reanalysis of the urines obtained at the time of the
initial diagnosis also showed elevated concentrations of 3-hydroxypropionic
acid and 2-methylcitric acid (31). The activity of propionyl-CoA carboxylase
was assayed in fibroblasts derived from J.R ., which were cultivated in Eagle’s
Minimal Essential Medium with 10% fetal calf serum. They showed only 4% of
normal activity, a level similar to the 2% of normal activity obtained in patients
with propionic acidemia (143). It was fortunate that the fibroblasts were grown
in this medium in which the only biotin was that from the fetal calf serum (about
6 nM). In a subsequent study the activity of propionyl-CoA carboxylase and
3-methylcrotonyl-CoA carboxylase was markedly deficient in this medium, but
when the cells were cultivated in Hamm’s F-10 medium, which contains about
100-nM biotin, the activities of both enzymes were in the normal range (160).
Normal fibroblasts had the same activities of the carboxylases in both media.

When the patient’s cells were cultivated in different concentrations of biotin,
the activities of the two enzymes gave Michaelis-Menton curves with apparent
K.,’s for biotin of 60-90 nM (10). When protein synthesis was inhibited in the
patient’s fibroblasts that had been cultivated without added biotin, there was a
large increase in carboxylase activity within three hours of the addition of
biotin, which indicates that biotin was being attached to preexisting apocar-
boxylases (11). The biotin-responsiveness of the two carboxylases suggested
that the primary defect was in holocarboxylase synthetase. The third mito-
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chondrial carboxylase, pyruvate carboxylase, was also shown to be deficient
and biotin responsive in the fibroblasts of J.R. (132). These observations
suggested that a single holocarboxylase synthetase attaches biotin to all three
mitochondrial apocarboxylases. That the same holocarboxylase synthetase also
attaches biotin to the cytoplasmic apoacetyl-CoA carboxylase was indicated by
the demonstration of biotin-responsive deficiencies of acetyl-CoA carboxylase
in fibroblasts of J.R. and other patients (48, 113).

Holocarboxylase synthetase was assayed in cultured fibroblasts by using as
substrate apopropionyl-CoA carboxylase purified 200-fold from rats made
biotin deficient by a high-avidin (raw egg white) diet (28). Fibroblast extracts
were incubated with excess rat apopropionyl-CoA carboxylase, ATP, and
various concentrations of biotin, and the holopropionyl-CoA carboxylase
formed was assayed by fixation of radioactive bicarbonate and propionyl-CoA
to the acid nonvolatile radioactive product methylmalonyl-CoA. In contrast to
the K, for biotin of about 8 nM for normal fibroblasts, the patient’s K, for
biotin was about 60-fold higher and the maximum velocity was 3040% of
nomal. These kinetic properties of the mutant holocarboxylase synthetase
were consistent with the response of the carboxylases in fibroblasts to various
concentrations of biotin in the culture media. They were also consistent with the
in vivo response of the patient to biotin.

Normal levels of biotin in plasma are 0.8-3.0 nanomolar, which may be
similar to intracellular levels. These values are only slightly below the K, of
normal holocarboxylase synthetase and are sufficient for converting apocar-
boxylases to holocarboxylases. On the other hand, in the patient J.R. normal
plasma levels of biotin would be about 1/170 of the K, of his holocarboxylase
synthetase, effectively preventing the conversion of apocarboxylases to holo-
carboxylases. Treatment with 10 mg of biotin per day, about 200 times the
normal intake, elevates the plasma concentration of biotin above the K, for his
holocarboxylase synthetase, allowing conversion of apocarboxylases to holo-
carboxylases even though there is a somewhat decreased maximum velocity of
holocarboxylase synthetase.

Many other patients with biotin-responsive multiple carboxylase deficiency
have now been reported and a wide range of clinical symptoms have been
observed. Some, such as an infant who died with 3-methylcrotonic aciduria and
lactic acidemia (126), have been shown to have the same genetic defect as J.R.
by lack of genetic complementation in fibroblast heterokaryons produced by
cell fusion (132). Others have been shown to have an abnormal holocarboxyl-
ase synthetase by using endogenous lymphoblast or fibroblast apocarboxylases
as substrates (9, 55, 131).

Fibroblasts from seven patients have béen shown to have abnormal holocar-
boxylase synthetase activity using rat apopropionyl-CoA carboxylase as sub-
strate and their clinical features are summarized (29).
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The age of onset of clinical symptoms varied from the first day of life to eight
months of age, but most patients presented before six weeks of age. Initially it
had been thought that two forms of biotin-responsive multiple carboxylase
deficiency could be differentiated by the age of onset. Those with holocarbox-
ylase synthetase abnormalities generally presented within the first six weeks of
life and were called the early -onset or neonatal multiple carboxylase deficiency
(142). The form that generally presented after six months of age, now known to
be due to a deficiency of biotinidase, was referred to as late-onset, late-
infantile, or juvenile multiple carboxylase deficiency. It is now known that
patients with an abnormal holocarboxylase synthetase can present at any age
from one day to 15 months (135).

There may be some correlation of the age of onset with the degree of
elevation of the K, for biotin of holocarboxylase synthetase (29). The patient
with the highest K , for biotin (70 times normal) presented in the first few hours
of life (171) and a previous sibling had died at three days of age (144). Patients
in whom the K, values for biotin of holocarboxylase synthetase were 20 to 45
times normal presented between one day of life and seven weeks. The patient
with a K, for biotin only three times normal presented at eight months of age
(113). That holocarboxylase synthetase deficiency is a serious life-threatening
disorder is indicated by the occurrence of death in the neonatal period in three
patients (126, 144). In two of those the diagnosis was based on the presence of
the characteristic organic aciduria in samples studied postmortem (144). The
brother of one of these patients was documented to have the enzyme defect (29,

171).

Both males and females are affected with holocarboxylase synthetase
abnormality, and the inheritance appears to be autosomal recessive. One patient
was asymptomatic in whom treatment with biotin had been undertaken pre- and
postnatally (114), but a previous sibling had presented with the typical clinical
and biochemical features on the second day of life (115). Common clinical
features were hypotonia, developmental delay or regression, rash, and
alopecia. Typical biochemical features were hyperammonemia, metabolic
acidosis, lactic acidemia, and the presence of the characteristic urinary metabo-
lites. The pattern of the organic aciduria includes a large elevation of the level of
3-hydroxyisovaleric acid, a smaller and variable elevation of the amount of
3-methylcrotonylglycine, and lesser amounts of 3-hydroxypropionic acid and
2-methylIcitric acid. All of the patients showed marked clinical and biochemical
improvement after treatment with biotin. Most of the patients became clinically
normal after receiving 10 mg of biotin per day and had no elevation of the
urinary levels of metabolites.

Systematic studies to determine whether lower doses of biotin would be
sufficient have not been done. The original patient J.R. had no elevation in the
levels of urinary metabolites while he was receiving 10 mg of biotin per day
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(58) but he did have significant amounts when the dose was 0.5 mg per day
(143). Some patients, although clinically well when given 10 mg of biotin per
day, had small amounts of urinary metabolites that became normal when the
dose was 40 mg of biotin per day (114, 115). Another less responsive patient
was clinically well when receiving 1 to 20 mg of biotin per day, but had elevated
excretions of metabolites of leucine and activities of the carboxylases in
leucocytes that were only 4 to 16% of normal when receiving 20 mg of biotin
per day (106). The patient with the highest known K, for biotin (29) continued
to have a skin rash, large excretions of metabolites, and subnormal activities of
carboxylases in lymphocytes when receiving doses of biotin as high as 60 mg
per day (29, 171). When provided with adequate biotin therapy, none of the
patients have required dietary restriction of protein, although moderate restric-
tion in the less-responsive patients could well decrease the excretion of metabo-
lites as it does for patients with isolated biotin-unresponsive propionic acidemia
(172) and 3-methylcrotonyl-glycinuria (8, 19).

Patients with biotin-responsive multiple carboxylase deficiency due to an
abnormal holocarboxylase synthetase share a basic distinguishing biochemical
feature: carboxylases have low activity in fibroblasts cultivated in medium
containing biotin only in the amounts provided by the fetal calf serum, and they
increase in activity when the medium is supplemented with high concentrations
of biotin (29). In contrast, fibroblasts from patients with biotin-responsive
multiple carboxylase deficiency that is due to a deficiency of biotinidase have
normal activities of the carboxylases in both types of media (29). These criteria
can be used to identify the patients in the literature with an abnormal holocar-
boxylase synthetase even if the synthetase enzyme has not been assayed directly
(13, 14, 92, 112). Heterozygotes cannot be distinguished by this means but
neither can they be detected by current assays of holocarboxylase synthetase. A
rapid diagnostic method for distinguishing holocarboxylase synthetase abnormali-
ties from biotinidase deficiency is the assay of the activity of carboxylases in
lymphocytes isolated from blood that has or has not been preincubated with biotin
(140). Assay of levels of biotin may be helpful, and of course assay of biotinidase is
now a simple way of detecting that defect (140, 164).

An abnormal holocarboxylase synthetase can be diagnosed prenatally by
demonstrating biotin-responsive deficiencies of carboxylases in cultured
amniocytes obtained by amniocentesis (114). The prenatal diagnosis in this
pregnancy was also based on the demonstration of a small but significant
amount of 2-methylcitric acid in the amniotic fluid, as measured by stable
isotope dilution. A much more significantly elevated concentration of 3-
hydroxyisovaleric in the amniotic fluid was later shown by stable isotope
dilution gas chromatography-mass spectrometry, while normal levels were
found in a subsequent unaffected pregnancy (76). This appears to be the best
method for the rapid prenatal diagnosis of this disorder.
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Prenatal therapy was begun at 23.5 weeks of pregnancy by giving the mother
10 mg of oral biotin per day. This greatly increased her serum level of biotinand
there were no ill effects (114). At birth the infant was clinically well and levels
of urinary organic acids were normal. The prenatal diagnosis was confirmed by
assay of holocarboxylase synthetase in cultured skin fibroblasts (29). The baby
has remained asymptomatic while receiving 40 mg of biotin per day (114).

Prenatal therapy was also carried out without prior diagnosis at 34 weeks ina
pregnancy atrisk for an abnormal holocarboxylase synthetase (127). Clinically
well fraternal twins were born with concentrations of biotin in cord blood 4-7
times normal and with normal urinary organic acids. Postnatal therapy with
biotin was not given while fibroblasts were being cultured to establish a
diagnosis; the twin who was affected presented at three months of age mori-
bund, hypothermic, and in shock (128). He was severely acidotic and ketotic
and had elevated levels of lactic and pyruvic acids in blood and large elevations
in the concentrations of urinary metabolites. Treatment with 10 mg of biotin per
day was effective and resulted in rapid clinical and biochemical improvement
(125, 128).

Biotinidase Deficiency

The patients who were initially designated as having “late-onset” biotin-
responsive multiple carboxylase deficiency were shown by Wolf and col-
leagues in 1983 to have a deficiency of biotinidase in serum (164, 167). This
clarified many of the problems in the earlier literature about the biochemistry of
this disorder. Typically, patients with a deficiency of biotinidase have pre-
sented after three months of age with symptoms like those of patients with an
abnormal holocarboxylase synthetase. These include hypotonia, de-
velopmental delay or regression, skin rash, and alopecia. They may present
with life-threatening episodes of metabolic acidosis and this may be com-
plicated by hyperammonemia. More specific abnormalities include lactic
acidemia and the characteristic organic aciduria consisting of 3-methylcroton-
ylglycine, 3-hydroxyisovaleric acid, 3-hydroxypropionic acid and 2-
methyIcitric acid (29, 165). In addition many of the patients have had seizures,
ataxia, candidiasis, and conjunctivitis. One patient had the cutaneous and
neurological symptoms but an organic aciduria was not detected (146). This can
be a fatal disorder. Two previous siblings who had had clinical symptoms
similar to a diagnosed patient had died at 8 and 39 months of age (37, 161). The
three infants in this family had defects in T-cell and B-cell immunity (37). The
diagnosed patient had pretreatment levels of biotin in plasma that were some-
what below normal (116) as did other patients without abnormal T and B cells
(104, 150). Another patient had fatty acid and biotin-responsive impairment of
lymphocyte suppressive activity in vitro (50). Biotin deficiency in guinea pigs
has been shown to decrease the numbers of B and T lymphocytes (120).
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Some patients with biotinidase deficiency have had optic atrophy (124, 165)
or neurosensory hearing loss (165, 166). A patient diagnosed at 10 months of
age and treated with 10 mg of biotin per day (33) was subsequently shown to
have a deficiency of biotinidase (12) and developed a sensorineural hearing loss
and severe myopia suggestive of a progressive retinal epithelial dysplasia
(149). None of the patients with an abnormal holocarboxylase synthetase have
developed these neurosensory abnormalities, ruling out long-term treatment
with biotin as a cause in the patients with biotinidase deficiency. The alopecia
and skin rash in one patient with biotinidase deficiency responded to oral and
cutaneous administration of unsaturated fatty acids (105). This suggests that a
deficiency of acetyl-CoA carboxylase required for fatty acid synthesis may be
involved in the pathogenesis of these symptoms.

Patients deficient in biotinidase usually respond to 10 mg of oral biotin per
day, with reversion to normal of all of the biochemical and clinical features of
the disease except for hearing loss and optic atrophy (33, 37, 104, 116, 150,
164, 165). Fibroblasts cultured from patients with biotinidase deficiency have
normal activities of the carboxylases (13, 92, 94, 112, 116, 150). This is
because there is sufficient biotin in fetal calf serum so that recycling of biocytin
by biotinidase in the cells is unnecessary; in addition, fetal calf serum has
biotinidase activity. Holocarboxylase synthetase exhibits normal kinetics in
these cells (29).

Before the identification of biotinidase deficiency as the defect in “late-
onset” biotin-responsive multiple carboxylase deficiency, there was specula-
tion about a defect in the intestinal absorption of biotin since pretreatment levels
of biotin in plasma and urine were often low (104, 116, 150). This was studied
by administering small oral doses of biotin to patients with below normal
plasma levels of biotin, and measuring the rise in plasma biotin compared to
normals (103, 151). The less than normal rise in plasma biotin in the patients
was attributed to defective intestinal absorption. With the discovery that biotin-
idase was deficient, a similar study was repeated after first treating the patient
with enough biotin to raise the levels in plasma to somewhat above normal
(152). Under these conditions, the rise in plasma biotin following a small oral
load was normal, which indicates normal intestinal absorption. Apparently, in
the previous studies the tissues were so depleted of biotin that absorbed biotin
was rapidly removed from the plasma, preventing a normal rise in plasma
levels.

In the biotin-deficient state, an increase in renal clearance of biotin was
observed (151), but this became normal upon repletion with biotin (152). In
another study, a normal rise in plasma biotin was found in a biotin-deficient
patient (18). When plasma levels of biotin were normal, renal clearance of
biotin was elevated in this patient. A more extensive study of five patients with
biotinidase deficiency confirmed a renal clearance of biotin increased 2—3 times
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above norinal when plasma biotin levels were norinal (16, 17). Upon cessation
of treatment with 10 mg of biotin per day, the patients had a more rapid fall in
plasma biotin and a greater renal loss of biotin than did controls.

Biocytin was detected in the urine of six patients with biotinidase deficiency
but not in normal urine (26). The levels of biocytin were considerably higher
than the levels of biotin when the patients were not receiving biotin. The normal
renal clearance of biotin is half that of creatinine, and if this reflects renal
reabsorption, the increased clearance of biotin in biotinidase deficiency might
be due to an inhibition of biotin reabsorption by the elevated amounts of
biocytin. The clinical and biochemical features of biotinidase deficiency appear
to be related to deficiencies of the carboxylases secondary to the functional
deficiency of biotin. Some patients have deficient levels of biotin plasma while
others have normal levels. Biocytin may compete with biotin as a substrate for
holocarboxylase synthetase, thus increasing the concentration of biotin needed
for effective holocarboxylase synthesis. It is possible that elevated levels of
biocytin are toxic but this has not been studied experimentally,

Biotinidase deficiency is readily demonstrable by assay of the enzyme in
serum (164, 167). Parents of affected infants have about 50% of normal
activity, consistent with heterozygosity and autosomal recessive inheritance.
The enzyme has also been shown to be deficient in the liver of a deceased
patient (53). Biotinidase can be measured in a colorimetric assay using the
artificial substrate, biotinyl-p-aminobenzoic acid (164). A more sensitive assay
employs radioactively labeled biotinyl-'“C-p-aminobenzoic acid (173). A
small amount of biotinidase activity was detectable in nornal fibroblasts while
none was found in patient fibroblasts. This assay also detected biotinidase
activity in normal amniocytes, which suggests that prenatal diagnosis of biotin-
idase deficiency may be possible (134). A fluorometric assay with an artificial
substrate for biotinidase has been described (158). A radiochemical assay with
the natural substrate “C-d-biotinyl-e-N-L-lysine has also been described (90).

The colorimetric assay for biotinidase activity has been adapted in alow-cost
screening method for newboms, utilizing the dried blood samples spotted on
filter papers for newborn screening for phenylketonuria (70). This was recently
used to screen 81,243 newborns in Virginia, among whom two unrelated
patients were diagnosed as having biotinidase deficiency (169). Two older,
previously undiagnosed siblings with severe neurological abnormalities, de-
velopmental delay, and cutaneous symptoms were found by assay of the
families of the two infants positive on the screening assay. From this study the
incidence of biotinidase deficiency was estimated to be 1 in 40,000, but the
ultimate incidence may be between 1 in 12,000 and 1 in 240,000 births.
Biotinidase deficiency fits the accepted criteria for inclusion in mass newbomn
screening programs: it has a significant incidence, it is not easily recognized
clinically before serious symptoms occur, it is life-threatening, treatment with
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biotin is very effective, and a low-cost screening method is available. It would
be very worthwhile to make screening for biotinidase deficiency widely avail-
able.

DIETARY DEFICIENCY OF BIOTIN

The literature on the dietary deficiency of biotin in man is small. Dietary
deficiency appears to be rare as a result of the general availability of biotin in the
diet and the small requirement for biotin. The synthesis of biotin by intestinal
bacteria may be a factor. The early instances of biotin deficiency were all a
consequence of diets containing large amounts of raw egg white in which avidin
prevented intestinal absorption of biotin. In an experimental study, biotin
deficiency was induced in four adult volunteers by using a diet in which raw egg
white made up 30% of the caloric intake (147, 148). The subjects developed
glossitis, anorexia, nausea, and an active distaste for the diet. Behavioral
manifestations included depression, hallucinations, somnolence, and a panic
state. A desquamating dermatosis developed. All of the symptoms were re-
versed by daily injection of 150 g of biotin. Since this study was done before
the biochemical role of biotin in metabolism was understood, no biochemical
data were obtained other thanlevels of biotin, which decreased markedly in the
urine while on the diet.

In contrast to this study patients with malignancies given equally large
amounts of egg white and/or avidin in two studies did not develop clinical
symptoms (79, 122). When urinary biotin was measured it did not decrease
while the patients were receiving the diet (122).

Several patients have been reported in whom biotin deficiency developed as a
consequence of unusual dietary habits that included ingestion of raw egg white.
The first patient, a 66-year-old male, had for the previous six years consumed
3-10raw eggs and 1-4 quarts of wine per day as well as very limited quantities
of food (162). He had an erythematous exfoliative dermatitis for several years
and conjunctivitis for several months. Histology of the skin showed an absence
of sebaceous glands and atrophic hair follicles. Serum concentration of biotin
was below normal but urinary biotin was normal. When placed on a normal
hospital diet, even supplemented with his usual six raw eggs and a quart of wine
per day, the skin rash resolved although the serum biotin remained below
normal. Treatment with 500 g of biotin injected on alternate days brought his
serum levels of biotin to normal.

A 62-year-old female with cirrhosis was prescribed aregimen of six raw eggs
daily for 18 months (15). She developed anorexia, nausea, vomiting, pallor,
depression, lassitude, substernal pain, and a scaly dermatitis and desquamation
of the lips. All of her symptoms were markedly improved by 2-5 days of the
parenteral administration of 200 pg of biotin per day while continuing the raw
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egg diet. Prior to treatment, blood levels of biotin were low (250 ng/l; normal
820-2700) but urinary biotin was normal.

A 5-year-old boy requiring tube-feeding received six raw eggs daily as well
as antibiotics (133). He developed a fine scaly dermatitis and severe alopecia
after 18 months. Laboratory findings were normal except for hypercholester-
olemia. On substituting egg yolks without egg whites and administering 2—4 mg
ofbiotin parenterally and by mouth, the rash disappeared, the hairgrew, and the
serum cholesterol dropped. On further treatment without biotin but with cooked
eggs, there were no clinical symptoms but cholesterol rose. In a similar
situation an | 1-year-old boy was given a diet of infant formula containing oil
and two raw eggs per day (145). He developed a severe erythematous ex-
foliative dermatosis and total alopecia. Blood cholesterol was not elevated.
Plasma concentration of biotin was low (156 ng/l; normal 330-722) as was
urinary biotin (0.85-1.31 ng/mg creatinine; normal 11-95). He had the typical
organic aciduria seen in biotin-responsive multiple carboxylase deficiency in
which there are elevated quantities of 3-methylcrotonylglycine, 3-
hydroxyisovaleric acid, 3-hydroxypropionic acid, and 2-methylcitric acid. In
addition he had intermittent ketosis. The activities of propionyl-CoA carboxyl-
ase and 3-methylcrotonyl-CoA carboxylase in leucocytes were low (2% and
10% of normal, respectively). All of the biochemical and clinical man-
ifestations resolved on substituting cooked eggs and providing 1 mg of in-
travenous and later oral biotin.

It is interesting that biotin deficiency occurred in these patients who received
whole raw eggs. Egg yolks contain large amounts of biotin, slightly more than
one would think would be bound by the avidin in the egg whites. Whole raw
eggs do not cause symptomatic biotin deficiency in experimental animals.
Factors that may have rendered these humans more susceptible to biotin
deficiency include cirrhosis and age in the adults and chronic oral antibiotics in
the children.

Milder forms of biotin deficiency may occur, manifested by apparent
seborrheic dermatitis or Leiner’s disease in infants (108). A number of studies
have reported rapid clearing of the dermatitis with biotin treatment (98, 108,
141), but in one double-blind study biotin was ineffective (47). It is possible
that different types of patients were studied in the different studies. Understand-
ing of the possible role of biotin in seborrheic dermatitisis hampered by the lack
of measurement of biotin levels in most of the studies and the total lack of other
biochemical measurements such as leucocyte carboxylase activities or urinary
organic acids (7).

Of clinical relevance are reports of frank biotin deficiency in patients receiv-
ing total parenteral nutrition (TPN). Many intravenous preparations do not
contain biotin, and it had also been overlooked in regimens of TPN. An infant
with short-gut syndrome receiving continuous antibiotics developed an ery-
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thematous rash after three months of TPN (101). After five months, total
alopecia occurred with pallor, irritability, lethargy, and mild hypotonia. Es-
sential fatty acids were not deficient and zinc supplementation was ineffective.
The concentration of lactic acid was elevated in blood, and analysis of urinary
organic acids showed the characteristic organic aciduria of biotin deficiency.
Plasma and urinary concentrations of biotin were deficient. On treatment with
10 mg of biotin per day in the parenteral fluid, the biochemical and clinical
manifestations reverted to normal. When the patient was given a maintenance
dose of 100 g of biotin per day for nine months, the manifestations did not
reappear.

Two siblings with congenital secretory diarrhea and seizures developed
similar clinical and biochemical abnormalities on total parenteral nutrition (81).
Urinary biotin levels were low but serum biotin was normal. One child died
with metabolic acidosis. In the other sibling 200 g of intravenous biotin per
day brought to normal the organic aciduria but not the skin lesions, which
required 10 mg of biotin per day for resolution. An adult patient receiving home
parenteral nutrition developed skin lesions, alopecia, acidosis, and neurolog-
ical find ings that resolved on the administration of 60 ug per day of intravenous
biotin (96). Two adults receiving long-term parenteral nutrition developed
severe alopecia that was reversed by 200 g per day of biotin (74). Extensive
study of three children with biochemical and clinical symptoms of biotin
deficiency as a result of total parenteral nutrition revealed that all three had
markedly depressed excretion of biotin but that only one had a low plasma level
of biotin (99, 100). In the two infants treated with 100 pg of intravenous biotin
per day, there was gradual clinical and biochemical improvement, but in one,
urinary organic acids were still elevated after ten weeks of therapy. The
response of these infants suggests that 100 p.g of biotin per day is adequate for
maintenance, but is inadequate to replenish rapidly the depleted levels of biotin.
Thus the recommendation of the Nutritional Advisory Group of the American
Medical Association for 20 pg of biotin per day for children on parenteral
alimentation (2) should be increased.

Biotin deficiency may also occur as a result of chronic hemodialysis. Three
patients with encephalopathy and peripheral neuropathy and one with periph-
eral neuropathy all showed marked improvement within three months of the
daily administration of 10 mg of biotin per day (176). Although biotin levels
were not reported, it is likely that biotin deficiency can occur in chronic
hemodialysis because of the loss of free biotin in the dialysate.

Another potential cause of biotin deficiency is the long-term administration
of anticonvulsant medications. Patients receiving phenytoin, pyrimidone, phe-
nobarbital, or carbamazepine (but not those receiving sodium valproate) had
significantly lower plasma concentrations of biotin (227 % 80 vs 448 =+ 201
ng/1) (85, 86). In addition small elevations of the urinary levels of organic acids
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characteristic of biotin deficiency were found (87, 88). The mechanism by
which the anticonvulsant medications lower levels of biotin is unknown, but it
may be related to effects on the intestinal absorption or renal loss of biotin. The
drugs all contain a carbamide group, as does biotin.

A syndrome in young poultry, known as fatty liver and kidney syndrome,
causes sudden unexpected death from hypoglycemia after stress. It may be due
to moderate deficiency of biotin although it occurs without other symptoms of
biotin deficiency (5, 119). This observation led tothe investigation of a possible
similar etiology in the sudden infant death syndrome (SIDS) in humans. The
median level of free biotin in 35 infants who died of SIDS was 336 ng/g of
autopsy liver, significantly lower than the mean of 419 ng/g for 57 infants with
explainable deaths (77, 78). Although this observation suggests that a marginal
deficiency of biotin (together with stress, by analogy to the syndrome in
poultry) may be related to sudden infant death syndrome, more direct biochemi-
cal evidence such as assay of pyruvate carboxylase activity in autopsy liver or
organic acids in urine or tissues is needed.

CONCLUSION

Considerable knowledge has been gained about the metabolism of biotin and its
important role in humans through the elucidation of the biochemical
abnormalities in the inherited human disorders that lead to biotin-responsive
multiple carboxylase deficiency. Abnormalities have been studied in the two
known enzymes of biotin metabolism, holocarboxylase synthetase and biotini-
dase. The biochemical abnormalities can be readily understood as the result of
deficient activity of the biotin-containing carboxylases. In the presence of an
abnormal holocarboxylase synthetase, in which there is an elevated K, for
biotin, the biochemical response to large doses of biotin reflects the elevation of
cellular biotin levels to the range of the elevated K,,’s. In biotinidase deficiency
the carboxylase activities are low as a result of biotin deficiency and the
response to biotin results from correcting this deficiency. The variable age of
onset and clinical features of biotinidase deficiency probably reflect differences
in the development of the biotin deficiency as a consequence of variations in the
intake of free biotin.

The clinical abnormalities seen in these disorders are not all so clearly
understood. The hair loss and skin rash may be related to a deficiency of
acetyl-CoA carboxylase, required for fatty acid synthesis, because isolated
deficiencies of the other three carboxylases have not been shown to result in
these manifestations. The cause of the neurological abnormalities is even less
obvious, but may be related to a deficiency of pyruvate carboxylase in brain
(129). It is not known whether the probable elevation of biocytin in biotinidase
deficiency has any biochemical or clinical effects. If biocytin does compete
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with biotin as the substrate for holocarboxylase synthetase or for transport of
biotin, treatment with doses of biotin much larger than needed to correct the
biotin deficiency should minimize competition from biocytin.

The optimal dose of biotin for treatment has not been determined. In biotini-
dase deficiency, the same dose should be effective for all patients, and all would
be expected to respond to biotin. With abnormalities of holocarboxylase syn-
thetase, the required dose of biotin should be determined for each patient and
will differ because there are differences in the degree of elevation of the K, for
biotin and in the maximum velocity. It is probable that non-K, variants with
deficient holocarboxylase synthetase activity exist that would not be responsive
to biotin. These are likely to have considerable residual activity, as a complete
deficiency would cause a complete deficiency of all four carboxylases and this
would probably be incompatible with uterinedevelopment and life. No patients
have been identified with biotin-responsive defects in the intestinal absorption
of biotin, defects in plasma biotin-binding protein, defects of transport into
cells, or defects in the renal handling of biotin. However, it is likely that these
exist and will be encountered in the future.

The possibility of subclinical deficiencies of biotin exists in larger pop-
ulations and may manifest only in susceptible or stressed individuals. Biotin
deficiency in total parenteral nutrition should not be a problem now that
adequate amounts of biotin are routinely added. Possible deficiency of biotin in
patients receiving long-term hemodialysis should be determined. Marginal
deficiencies of biotin in formula-fed infants should be eliminated by the
fortification of formulas with larger amounts of biotin. The existence of lower
levels of biotin in patients receiving long-term treatment with anticonvulsant
medications is of concern, and other drugs should be investigated for possible
similar effects. Treatment with moderate amounts of biotin would seem appro-
priate in long-term anticonvulsant therapy. The role of a marginal biotin
deficiency as one possible cause of sudden infant death syndrome deserves
further investigation.
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