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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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3 18 SWEETMAN & NYHAN 

the fa ct that t hey can be successfully trea ted with pharmacologica l doses of 
biotin. T wo forms of "biotin-responsive mul tipl e carboxylase deficiency" ha ve 
grea tly increa sed our knowledge about the cl inica l a nd biochemical con­
sequences of a bnormal ities of biotin meta bol ism a nd of the deficiency of biotin. 
An excell ent symposium on biotin wa s publ ished recentl y (38). 

History of Biotin 

In the 1 920 s a nd 1930 s it wa s discovered tha t a diet high in ra w egg white 
ca used derma titis, ha ir loss (a lopecia ), and neurologic a bnorma lities in ra ts ( 23 ,  
24 , 1 1 7, 1 1 8) .  T hese could be prevented by a "protective factor X" present in 
pota to sta rch, yeast, egg yolk, a nd mil k (24 ) a s  well as  l iver ( 1 17). A similar 
derma titis in chicks fed a diet rich in egg white wa s corrected by l iver extra ct 
( 91) . A fa ctor protective a ga inst egg white injury wa s found in l iver a nd y ea st 
a nd named vitamin H ( 62 ,  63 ). A yea st growth factor initial ly isola ted from 
y ea st a nd t hen egg y ol k  was named biotin (83 ) a nd la ter noted to ha ve vitamin H 
a ctivity (44 , 6 6 ). The structure of biotin was determined in 1942 (43, 97) and 
vita min H a nd biotin were shown to be identical in microbiol ogica l a ssa ys ( 89). 
A l eg ume nodul e respira tion factor, coenz yme R, wa s also shown to be 
identical to biotin ( 1 59). Biotin wa s fi rst synthesiz ed in 194 3 ( 6 9), the crystal 
structure determined in 1 956 ( 1 55), and the stereospecifi c total synthesis of the 
na tural isomer d-( +)-biotin wa s accompl ished in 1975 (3 5, 10 9). 

T he structure of the na tural isomer, d-biotin, shown in Figure 1 ,  conta ins a 
ureido group in a five-membered ring fused with a tetra hydrothiophene ring 
with a fi ve-carbon side cha in termina ting in a carboxyl group. Biotin is 
synthesiz ed biochemical ly from pimel ic acid, a seven-carbon dicarboxyl ic 
a cid, L-al anine, and L-cysteine by a variety of microorganisms (75). T he 
biochemistry a nd genetics of the sy nthesis of biotin ha ve been particularly well 
studied in E. coli (46 ). 

T he a gent in ra w egg whit e  causing the toxic manifesta tions tha t a re reversed 
or prevented by biotin is the protein a vidin (45) . Avidin binds biotin with a very 
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Figure 1 Structures of biotin and biocytin. 
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BIOTIN DISORDERS 319 

high affinity, the dissociation constant is 10-15 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 ,  6 5). 

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-Iysine. 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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320 SWEETMAN & NYHAN 

below, the properties of human mutant holocarboxylase synthetase indicate that 
both the mitochondrial and cytoplasmic fonns 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 nonnal 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, pennitting 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 f.LM, 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 pennit adequate uptake by diffusion. Another study of intestinal 
transport of biotin confinned 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 Kt for biotin of 1 mM 
(20). There is some question about whether this is the physiological mechanism 
for biotin transport since the Kt was so high and lipoic acid (thioctic acid) was a 
competitive inhibitor with a Ki one third the Kt 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-Ll cells 
(adipocyte-like) is temperature dependent, saturable at concentrations less than 
50 IJ.M, and relatively specific (34). However the Km of 22 IJ.M appears rather 
unphysiological since human plasma levels of biotin are about 10,000 times 
lower than this Km. Above 50-IJ.M biotin, the uptake was linear and nonsatura­
ble, which suggests diffusion. Biotin uptake by HeLa cells in 20-400-J..lM 
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 IJ.M, 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 IJ.g!IOO g rather than mg!1 00 
g. Liver, egg yolks, and cooked cereals are highest in biotin, containing 20-100 
IJ.g!100 g. The calculated biotin in a composite Canadian diet was 62 IJ.g per day 
and actual analysis of the diet gave 60 IJ.g per day (73). A similar calculation of 
the British diet revealed an intake of 33 IJ.g of biotin per day (27). When daily 
dietary intakes were 33, 37, and 54lJ.g of biotin, the daily urinary excretions of 
biotin were 30, 51, and 42 IJ.g respectively, and daily fecal excretions of biotin 
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322 SWEETMAN & NYHAN 

were 79, 191, and 241 respectively (41, 52, 110). Thus urinary excretions of 
biotin were approximately equal to dietary input while fecal excretions 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 30-60 I-Lg 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 a recommended intake of 
biotin, but in Canada 40 I-Lg per day is the suggested intake (27) and in the 
United States intakes of 35 I-Lg per day for infants, increasing with age to 200 I-Lg 
per day, have been recommended (107). Human breast milk contains 0.7-1.3 
.... g of biotin per 100 ml orO.17 .... g per g of dry matter, similar to formulas based 
on whole cow's milk (0.21I-Lg 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 .... g of biotin per day (169). During mature milk production, 
2-14% ( l-l ll-Lg per day) of the maternal intake of biotin (811-Lg 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 I-Lg 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 
abnonnal 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 abnonnalities 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 fonned 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 abnonnal 
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 nonnal 
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 fonned by hydra­
tion) and 3-methylcrotonylglycine (which is fonned 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 proteinlkg body weight per day. A patient reported earlier with 
neurological symptoms similar to Werdnig-Hoffmann disease in whom 3-
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me thyIcro to nylglycinuria and 3-hydro xyiso vale ric aciduria we re unre spo nsive 
to small do se s o f  bio tin may have had the same diso rde r, but multiple carbo xyl­
ase de ficie ncy was no t to tally e xclude d  (13 8) .  This is true fo r another patie nt 
who e xcre te d large amo unts o f  3-hydro xyiso vale ric acid and was de ficie nt in 
3- me thyIcro to nyl- Co A carboxylase (49). I n  two additio nal patie nts with bio tin­
re spo nsive e xcre tio n o f3- me thyIcro to nylglycine and 3-hydro xyisovale ric acid, 
multiple carbo xylase deficie ncy was no t e xclude d (32 ,  56, 80) . 

I so late d deficie ncy o f  pyruvate carbo xylase cause s an e le vatio n o f  lactic 
acid, pyruvic acid, and alanine le ve ls in bloo d (42) .  The re are two fo rms o f this 
diso rde r, a mo re se ve re fo rm that doe s  no t pro duce the pyruvate carbo xylase 
pro te in and a le ss se vere fo rm that pro duce s an e nzymatically defective pyru­
vate carbo xylase (123) . The se patie nts usually have se ve re ne uro lo gical pro b­
le ms and e arly de ath. No ne o f  the patie nts have re spo nde d to bio tin the rapy. 

A patie nt with an iso late d deficie ncy o f  ace tyl- Co A carbo xylase has bee n  
re po rte d  (22) but the re was no t a co nsiste nt de ficie ncy o f  the e nz yme in culture d  
fibro blasts (H. R. S cholte ,  pe rso nal communicatio n) . 

Abnormal Holocarboxylase Synthetase 

The lite rature o n  bio tin- re spo nsive multiple carbo xylase is co nfusing because 
o f  the e vo lutio n o f  te rmino lo gy and kno wle dge . Mo st o f  the e arly studie s by a 
varie ty o f  inve stigato rs we re o f  a single patie nt, vario usly refe rre d to as J . R. and 
J. Ri. The refo re it is use ful to re vie w the histo rical pro gre ssio n o f  the many 
studie s  o n  this patie nt that culminate d in the characte riz atio n o f  an abno rmal 
holo carboxylase synthetase .  

J. R. was initially de scribe d in 1 971 unde r the he ading o f  bio tin- re spo nsive 
l3-me thylcro to nylglycinuria (58) . He had te nde d to vomit since birth, and an 
e rythe mato us skin rash be gan at six wee ks o f  age .  A t  five mo nths he de ve lo pe d 
rapid re spiratio n, pe rsiste nt vomiting, and unre spo nsive ne ss, and was fo und to 
have ke to sis and me tabolic acido sis. A nalysis o f  urine by gas chromato graphy­
mass spe ctro metry sho we d a large e le vatio n o f  3- me thylcro to nic acid and 
3 -me thyIcro to nylglycine ,  with le sse r e le vatio ns o f  3 -hydroxyiso vale ric acid 
and tiglylglycine (57, 58) . The patte rn  o f  e xcretio n o f  metabolite s was large ly 
co nsiste nt with a de ficie ncy o f  3- me thylcro to nyl- Co A carbo xylase .  Re aso ning 
that this was a bio tin- re quiring e nz yme and that bio tin might be the rape utic, an 
e mpirical do se o f  1 0  mg o f  bio tin pe r day was give n o rally. The clinical and 
bio che mical re spo nse was dramatic. Vo miting, ke to sis, and acido sis re so lve d 
in o ne day, the e le vate d le ve ls o f  urinary me tabo lite s be came no rmal in 2-4 
days. The skin rash cle are d, and he de ve lo pe d no rmally with co ntinue d tre at­
me nt with bio tin. A t  two ye ars o f  age , the do se o f  bio tin was reduce d until he 
be gan to e xcre te 3-me thyIcro tonylglycine and 3-hydroxyiso vale ric acid. A t  
that time the activity o f  3-me thyIcro to nyl-Co A carbo xylase in leuco cyte s 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 !-Lmol 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-1O medium, which contains about 
lOO-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 
Km'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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cho ndr ial carbo xylase , pyruva te car bo xylase ,  was also sho wn to be de ficie nt 
a nd bio tin re spo nsive in the fibro bla sts o f  J.R. (132) . The se o bser vatio ns 
sugge ste d that a single ho lo carbo xylase synthe ta se a ttache s bio tin to all three 
mito cho ndria l apo carbo xyla se s. That the same holo carbo xyla se synthe tase also 
attache s bio ti n  to the cytopla smic apoace tyl-Co A carbo xyla se was indicate d by 
the de mo nstratio n o f  bio tin-re spo nsive de ficie ncie s o f  ace tyl-Co A carboxylase 
in fibro bla sts o f  J.R. a nd o ther patie nts (48, 1 13) . 

Holo carboxyla se synthe tase wa s a ssaye d in culture d fibro bla sts by using a s  
substrate apo pro pio nyl- Co A carbo xylase purifie d 2 0 0- fo ld fro m rats made 
bio tin de ficient by a high- avidin (raw e gg white) die t (28) . Fibro blast e xtracts 
were incubate d  with e xce ss rat apo pro pio nyl-Co A  carbo xyla se ,  ATP, and 
vario us co nce ntratio ns o f  bio tin, and the ho lo pro pio nyl- Co A carbo xyla se 
forme d was assaye d by fixa tio n o f  radio active bicarbo na te a nd pro pio nyl- Co A 
to the acid no nvolat ile radioa ct ive pro duct me thylmalo nyl- Co A .  In contrast to 
the Km for bio tin o f  abo ut 8 nM for no rmal fibro blasts, the patie nt's Km for 
bio tin was abo ut 6 0- fo ld higher and the maximum ve lo city was 3 0--40% o f  
no rmal. The se kine tic pro pertie s o f  the mutant holo carbo xyla se synthe tase 
were co nsiste nt with the re spo nse o f  the carbo xylase s  in fibro bla sts to var io us 
co nce ntratio ns o f  bio tin in the culture me dia. The y were also co nsiste nt with the 
in vivo respo nse o f  the patie nt to bio tin. 

Nor mal le ve ls o f  bio tin in pla sma are 0 . 8-3 . 0  na nomolar , which may be 
similar to intra ce llular le ve ls. The se va lue s are o nly slightly be lo w the Km o f  
normal ho lo carbo xylase synthe tase a nd a re suffi cie nt for co nve rting apo car ­
bo xy la se s to holo carbo xylase s. On the o ther ha nd, in the pa tie nt J .R. no rma l  
plasma le ve ls o f  bio tin wo uld be a bo ut 1 11 70 o f  the Km o f  his holo carboxylase 
synthe ta se , e ffe ctive ly pre ve nting the co nversio n o f  apo carbo xylase s  to ho lo ­
carbo xylase s. Trea tme nt with 1 0  mg o f  bio tin per da y, a bo ut 2 0 0  time s the 
nor mal intake ,  e le vate s the pla sma co nce ntra tio n o f  bio tin a bo ve the Km for his 
ho lo carbo xyla se synthe ta se , allo wing co nversio n o f  apo carbo xylase s to holo ­
carbo xylase s e ve n  tho ugh there is a some what de cre ase d maximum ve lo city o f  
ho lo carbo xylase synthe ta se . 

Ma ny o ther patie nts with bio tin-re spo nsive multiple carbo xyla se de ficie ncy 
have no w bee n repor te d  a nd a wide range o f  clinical symptoms have bee n 
o bse rve d. So me ,  such as an infant who die d with 3- me thylcro to nic aciduria and 
lactic acide mia (12 6) ,  have bee n  sho wn to have the same ge ne tic de fe ct a s  J.R. 
by la ck o f  ge ne tic co mple me ntatio n in fibro bla st he tero karyo ns pro duce d by 
ce ll fusio n  (132) . Others ha ve bee n sho wn to ha ve a n  abnormal ho lo carbo xyl­
ase synthe ta se by using e ndo ge no us lympho bla st or fibro blast apocarboxyla se s  
as substrates  (9, 55 , 1 3 1 ) . 

Fibro blasts fro m se ve n patie nts have bee n sho wn to have a bno rmal ho lo car­
bo xy la se synthe ta se a ctivity using ra t apo propio nyl- Co A carbo xylase a s  sub­
stra te a nd the ir clini ca l fea ture s are summa rize d (29) . 
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The age o f  o nse t o f  cli ni cal sympto ms varie d fro m the fi rst day o f  li fe to ei ght 
mo nths o f  age , but mo st patie nts pre se nte d be fo re si x wee ks o f  age . I ni ti ally i t  
had bee n tho ught that two fo rms o f  bio ti n- re spo nsi ve multi ple carbo xylase 
de fi cie ncy co uld be di ffe re nti ate d  by the age o f  o nse t. Tho se wi th holo carbo x­
ylase synthe tase abno rmali tie s ge ne rally pre se nte d wi thi n the first si x weeks o f  
li fe and we re calle d  the e arly-o nse t o r  neo natal multi ple carbo xylase de fi cie ncy 
(142). The fo rm that ge ne rally pre se nte d afte r si x mo nths o f  age , no w kno wn to 
be due to a de ficie ncy o f  bio ti ni dase , was re fe rre d to as late-o nse t, late ­
i nfanti le , o r  juve ni le multi ple carbo xylase de fi cie ncy. It i s  no w kno wn that 
patie nts wi th an abno rmal holo carbo xylase synthe tase can pre se nt at any age 
fro m  o ne day to 1 5  mo nths (13 5). 

The re may be so me co rre latio n o f  the age o f  o nse t wi th the de gree o f  
e le vatio n o f  the Km fo r bio ti n o f  ho lo carbo xylase synthe tase (2 9). The patient 
wi th the hi ghe st Km for bio ti n  (70 time s  normal) pre se nte d i n  the fi rst fe w ho urs 
o f  life (171) and a previous sibling had died at three days o f  age (144). Patients 
i n  who m the Km value s fo r bio ti n o f  holo carbo xylase synthe tase we re 20 to 4 5  
ti me s no rmal pre se nte d be twee n o ne day o f  li fe and se ve n wee ks. The patient 
wi th a Km fo r bio ti n  o nly three ti me s no rmal pre se nte d at ei ght mo nths o f  age 
(1 1 3 ). That holo carboxylase synthe tase defi cie ncy i s  a se rio us li fe- thre ate ni ng 
di so rde r i s  i ndi cate d by the o ccurre nce o f  de ath i n  the neo natal pe rio d i n  three 
patie nts (12 6 ,  144). In two o f  tho se the di agno si s  was base d o n  the pre se nce o f  
the characte ri sti c o rgani c  aci duri a i n  sample s studie d po stmo rte m (144). The 
bro the r o f  o ne o f  the se patie nts was do cume nte d to have the e nz yme defe ct (29, 
1 71 ). 

Bo th male s and fe male s are affe cte d wi th ho lo carbo xylase synthe tase 
abno rmali ty, and the i nhe ri tance appears to be auto so mal re ce ssi ve . One patie nt 
was asympto mati c i n  who m tre atme nt wi th bio ti n had bee n  unde rtake n pre- and 
po stnatally (1 14), but a pre vio us si bli ng had pre se nte d wi th the typi cal cli ni cal 
and bio che mi cal fe ature s o n  the se co nd day o f  li fe (1 1 5). Co mmo n cli ni cal 
fe ature s we re hypo to nia, de ve lo pme ntal de lay o r  re gre ssio n, rash, and 
alo pe ci a. Typi cal bio che mi cal fe ature s we re hype rammo ne mi a, me tabo li c  
aci do si s, lacti c aci de mi a, and the pre se nce o f the characte ri sti c uri nary me tabo ­
li te s. The patte rn o f  the o rgani c  aci duria i nclude s a large e le vatio n o f  the le ve l o f  
3-hydro xyi so vale ric aci d, a smalle r and variable e le vatio n o f  the amo unt o f  
3- me thylcro to nylglyci ne , and le sse r amo unts o f  3-hydro xypro pio ni c  aci d and 
2- me thylci tri c aci d. A ll o f  the patie nts sho we d marke d cli ni cal and bio che mi cal 
i mpro ve me nt afte r tre atme nt wi th bio ti n. Mo st o f the patie nts be came cli ni cally 
normal afte r  re cei vi ng 10  mg o f  bio ti n pe r day and had no e levation o f  the 
uri nary le ve ls o f  me tabo li te s. 

S yste matic studie s to de te rmi ne whe the r lo we r do se s o f  bio ti n  wo uld be 
sufficie nt have no t bee n  do ne . The o ri gi nal patie nt J .R. had no e levatio n i n  the 
le ve ls o f  uri nary me tabo li te s whi le he was re cei vi ng 10 mg o f  bio ti n  pe r day 
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(5 8) but he did have significant amo unts whe n the do se was 0 .5  mg pe r day 
(143) . So me patie nts, altho ugh clinically we ll whe n give n 10 mg o f  bio tin per 
day ,  had small amounts o f  urinary me tabolite s that be came normal when the 
do se was 40 mg o f  bio tin pe r day (1 14 ,  1 15) . A no the r le ss re spo nsive patie nt 
was clinically well whe n re ce iving 1 to 20 mg o f  bio tin pe r day , but had e le vate d 
e xcre tio ns o f  me tabo lite s o f  le ucine and activities  o f  the carbo xylase s  in 
le uco cy te s that we re o nly 4 to 1 6% of no rmal whe n re ce iving 20 mg of bio tin 
pe r day (10 6) .  The patie nt with the highe st kno wn Km fo r bio tin (29) co ntinue d 
to have a skin rash, large e xcre tio ns o f  me tabo lite s, and subno rmal activitie s o f  
carbo xy lase s in lympho cy te s whe n re ce iving do se s o f  bio tin as high as 60 mg 
pe r day (2 9, 1 71 ) . Whe n pro vide d with ade quate bio tin the rapy ,  no ne of the 
patie nts have re quire d die tary re strictio n o f  pro te in, altho ugh mo de rate re stric­
tio n  in the le ss- re spo nsive patie nts co uld we ll de cre ase the e xcre tio n o f  me tabo ­
lite s as it doe s  fo r patie nts with iso late d bio tin- unre spo nsive pro pio nic acide mia 
(1 72) and 3- me thy lcro to ny l-gly cinuria (8, 1 9) .  

Patie nts with bio tIn-re spo nsive multiple carbo xy lase de ficie ncy due to an 
abno rmal holo carbo xy lase sy nthe tase share a basic distinguishing bio chemical 
fe ature :  carbo xylase s  have lo w activity in fibro blasts cultivate d  in me dium 
co ntaining bio tin o nly in the amo unts pro vide d  by the fe tal calf se rum, and they 
incre ase in activity whe n the me dium is supple me nte d with high co nce ntratio ns 
o f  bio tin (29) . I n  co ntrast, fibro blasts fro m patie nts with bio tin-re spo nsive 
multiple carbo xylase de ficie ncy that is due to a de ficie ncy o f  bio tinidase have 
no rmal activitie s  o f  the carbo xy lase s in bo th ty pe s o f  me dia (29) . The se crite ria 
can be use d to ide ntify the patie nts in the lite rature with an abno rmal holo car­
boxy lase sy nthe tase e ve n  if the sy nthe tase e nzyme has no t bee n  assaye d dire ctly 
(13 ,  14 ,  92 , 1 12) . He te rozy go te s  canno t be distinguishe d by this me ans but 
ne ithe r can they be de te cte d by curre nt assay s o fho lo ca rboxylase sy nthe tase . A 
rapid diagnostic metho d for distinguishing holo carboxylase sy nthetase abnormali­
tie s from bio tinidase deficie ncy is the assay o f  the activity o f  carboxylases in 
lymphocy te s iso lated from blo od that has o r  has no t been preincubate d with bio tin 
(140) . A ssay o f le vels o f  bio tin may be helpful, and o f  co urse assay o f biotinidase is 
no w a simple way o f  de tecting that defect (140 , 1 64) .  

A n  abno rmal ho lo carbo xy lase sy nthe tase can be diagno se d pre natally by 
de mo nstrating bio tin-re spo nsive de ficie ncie s  o f  carbo xylase s  in culture d 
amnio cy te s  o btaine d by amnio ce nte sis (1 14) . The pre natal diagno sis in this 
pre gnancy was also base d o n  the de mo nstratio n o f  a small but significant 
amo unt o f  2- me thy lcitric acid in the amnio tic fluid, as me asure d by stable 
iso to pe dilutio n. A much mo re significantly e le vate d co nce ntratio n o f  3-
hy dro xy iso vale ric in the amnio tic fl uid. was late r sho wn by stable iso to pe 
dilutio n  gas chro mato graphy-mass spe ctrome try , while no rmal le ve ls we re 
fo und in a subse que nt unaffe cte d pre gnancy (76) . This appe ars to be the be st 
me tho d fo r the rapid pre nata l diagno sis o f  this diso rde r. 
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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 biotin and 
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 in a 
pregnancy at risk 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-
methylcitric 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 
004, 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 patie nts with bio tinidase de ficie ncy have had o ptic atro phy (124 , 1 65) 
or ne uro se nsory he aring lo ss (1 6 5, 1 6 6 ). A patie nt diagno se d at 10 mo nths o f  
age and tre ate d with 10 mg o f  bio tin per day (33 )  was subse que ntly sho wn to 
have a de ficie ncy o f bio tinidase (1 2) and de ve lo pe d a se nsor ine ural he aring lo ss 
and se vere myo pia sugge stive o f  a pro gre ssive retinal epithe lial dysplasia 
(14 9). No ne o f  the patie nts with an abno rmal ho lo carbo xylase synthe tase have 
de ve lo pe d the se ne uro se nso ry abnormalitie s, ruling o ut lo ng-term tre atme nt 
with bio tin as a cause in the patie nts with bio tinidase de ficie ncy. The alo pe cia 
and skin rash in o ne patie nt with bio tinidase defi cie ncy re spo nde d to oral and 
cutaneo us administratio n o f  unsaturate d fatty acids ( lOS). T his sugge sts that a 
de ficie ncy o f  ace tyl- Co A  carbo xylase re quire d for fatty acid synthe sis may be 
invo lve d in the patho ge ne sis o f  the se sympto ms. 

Patie nts de ficie nt in bio tinidase usually re spo nd to 10 mg o f  oral bio tin per 
day, with reversio n to normal o f  all o f  the bio che mical and clinical fe ature s o f  
the dise ase exce pt for he ar ing lo ss and o ptic atro phy (33 ,3 7, 104 ,  11 6 ,  150, 
1 64 ,  1 65). Fibro blasts culture d fro m patie nts with bio tinidase deficie ncy have 
no rmal activitie s o f  the carbo xylase s (13 , 92 , 94 , 1 12 ,  1 16 ,  1 50 ). This is 
be cause there is suffi cie nt bio tin in fe tal calf se rum so that re cycling o f  bio cytin 
by bio tinidase in the ce lls is unne ce ssary; in additio n, fe tal calf se rum has 
bio tinidase activity. Holo carboxylase synthe tase e xhibits nor mal kine tics in 
the se ce lls (29). 

Before the ide ntificatio n  o f  bio tinidase de ficie ncy as the de fe ct in "late ­
o nse t" bio tin-re spo nsive multiple carboxylase de ficie ncy, there was spe cula­
tio n  abo ut a defe ct in the inte stinal absorptio n o f  bio tin since pre tre atme nt le ve ls 
o f  bio tin in plasma and ur ine were o fte n  lo w (104 , 11 6 ,  1 50). This was studie d  
b y  administe ring small oral do se s o f  bio tin to patie nts with be lo w normal 
plasma le ve ls o f  bio tin, and me asur ing the r ise in plasma bio tin compare d to 
nor mals (103 , 151 ). The le ss than normal r ise in plasma bio tin in the patie nts 
was attributed  to defe ctive inte stinal absorptio n. With the disco very that bio tin­
idase was de ficie nt, a similar study was re pe ate d  after fir st tre ating the patie nt 
with e no ugh bio tin to raise the le ve ls in plasma to so me what abo ve nor mal 
(1 52 ). Under the se co nditio ns, the r ise in plasma bio tin fo llo wing a small oral 
lo ad was normal, which indicate s  normal inte stinal absorptio n. A ppare ntly, in 
the pre vio us studie s  the tissue s  were so de ple te d o f  bio tin that absorbe d  bio tin 
was rapidly re mo ve d  from the plasma, pre ve nting a normal r ise in plasma 
le ve ls. 

I n  the bio tin- de ficie nt state , an incre ase in re nal cle arance o f  biotin was 
o bse rve d  (lSI), but this be came normal upo n re ple tio n  with bio tin (1 52 ). I n  
ano ther study, a no rmal r ise in plasma bio tin was fo und in a bio tin- de ficie nt 
patie nt (18). Whe n plasma le ve ls o f  bio tin were normal, re nal cle arance o f  
bio tin was ele vate d in this patie nt. A more e xte nsive study o f  five patie nts with 
bio tinidase de ficie ncy co nfir me d  a renal cle arance o f  bio tin incre ase d 2 -3 time s 
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above nonnal when plasma biotin levels were nonnal (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 nonnal 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-14C-p-aminobenzoic acid (173). A 
small amount of biotinidase activity was detectable in nonnal 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 14C-d-biotinyl-e-N-L-Iysine has also been described (90). 

The colorimetric assay for biotinidase activity has been adapted in a low-cost 
screening method for newborns, 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 newborn 
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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bio ti n  i s  very e ffe cti ve , and a lo w- co st scree ni ng me tho d i s  avai lable . It wo uld 
be very wo rthwhi le to make scree ni ng for bio ti ni dase de ficie ncy wi de ly avai l­
able .  

DIETARY DEFICIENCY OF BIOTIN 

The li terature o n  the die tar y de ficie ncy o f  bio ti n  i n  man i s  small. Dietar y  
de ficie ncy appe ars to be rare as a result o f the ge neral avai labi li ty o f  bio ti n  i n  the 
die t  and the small re quire me nt for bio ti n. The synthe si s  o f  bio ti n  by i nte sti nal 
bacte ri a  may be a factor . The e ar ly i nstance s o f  bio ti n  de ficie ncy were all a 
co nse que nce o f  die ts co ntai ni ng large amo unts o f  raw e gg whi te i n  whi ch avi di n 
pre ve nte d i nte sti nal abso rptio n o f  bio ti n. I n  an e xpe ri me ntal study, bio ti n  
defi cie ncy was i nduce d i n  fo ur adult vo lunteers by usi ng a die t i n  whi ch r aw e gg 
whi te made up 30% o f  the calori c i ntake (147, 148) .  T he subje cts de ve lo pe d 
glo ssi ti s, anore xi a, nause a, and an acti ve di staste for the die t. Be havioral 
mani fe statio ns i nclude d  de pre ssio n, halluci natio ns, so mno le nce , and a pani c  
state .  A de squamati ng der mato si s de ve lo pe d. A ll o f  the sympto ms were re ­
verse d by dai ly i nje ctio n o f  1 50 j.Lg o f  bio ti n. Si nce thi s study was do ne be fore 
the bio che mi cal ro le o f  bio ti n  i n  me tabo li sm was understoo d, no bio che mi cal 
data were o btai ne d  o ther than le ve ls o f  bio ti n, whi ch de cre ase d marke dly i n  the 
uri ne whi le o n  the die t. 

In co ntr ast to this study patie nts wi th mali gnancie s gi ve n  e qually lar ge 
amo unts o f  e gg whi te and/or avi di n i n  two studie s di d no t de ve lo p cli ni cal 
sympto ms (79, 122) . Whe n  uri nary bio ti n  was me asure d i t  di d no t de cre ase 
whi le the patie nts were re cei vi ng the die t  (122) . 

Several patie nts have bee n  re por te d  i n  who m bio ti n defi cie ncy de ve lo pe d as a 
co nse que nce o f  unusual die tary habi ts that i nclude d  i nge stio n o f  raw e gg whi te . 

The first patie nt, a 66 -ye ar-o ld male , had for the pre vio us six ye ars co nsume d 
3 -10 raw e ggs and 1 -4  quarts o f  wi ne per day as we ll as ver y  li mi te d quanti tie s  
o f  foo d  (1 62) . He had an erythe mato us e xfo li ati ve de rmati ti s for se veral ye ars 
and co njuncti vi ti s  for se ver al mo nths. Histo lo gy o f  the ski n sho we d an abse nce 
o f  se baceo us glands and atro phi c  hair fo lli cle s. Serum co nce ntratio n o f  bio ti n  
was be lo w no rmal but uri nary bio ti n  was no rmal. Whe n place d o n  a normal 
ho spi tal die t, e ve n  supple me nte d wi th hi s usual six r aw e ggs and a quart o f  wi ne 
per day, the ski n rash re so lve d altho ugh the se rum bio ti n  re mai ne d be lo w 
normal. Tre atme nt wi th 500 j.Lg o f  bio ti n i nje cte d o n  alte rn ate days bro ught hi s 
ser um le ve ls o f  bio ti n  to normal. 

A 62- ye ar-o ld female wi th ci rrho si s  was pre scri be d a re gi me n  o f  si x raw e ggs 
dai ly for 1 8  mo nths (1 5) .  S he de ve lo pe d anore xi a, nause a, vo miti ng, pallor , 
de pre ssio n, lassi tude , subste rnal pain, and a scaly de rmati ti s  and de squamatio n 
o f  the li ps. A ll o f  her sympto ms were marke dly i mpro ve d by 2-5 days o f  the 
pare nteral admi ni stratio n o f  200 j.Lg o f  bio ti n  per day whi le co nti nui ng 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 1 8  months. Laboratory findings were normal except for hypercholester­
olemia. On substituting egg yolks without egg whites and administering 2-4 mg 
of biotin parenterally and by mouth, the rash disappeared, the hair grew, 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 l l-year-old boy was given a diet of infant formula containing oil 
and two raw eggs per day (1 45). He developed a severe erythematous ex­
foliative dermatosis and total alopecia. Blood cholesterol was not elevated. 
Plasma concentration of biotin was low (1 56 ng/l; normal 33 0-722) as was 
urinary biotin (0.85-1.3 1 ng/mg creatinine; normal 1 1 -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 (l08). A number of studies 
have reported rapid clearing of the dermatitis with biotin treatment (98, 108, 
14 1 ), 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 dermatitis is 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 ofTPN. An infant 
with short-gut syndrome receiving continuous antibiotics developed an ery-
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t hemato us ra sh after three months o f  T PN (101) .  After fi ve months, total 
alo pecia occ urred wi th pallor, irri tabili ty, l etharg y, a nd mild hypo to nia .  E s­
sen ti al fa tt y aci ds were no t defici ent an d zi nc supplemen tatio n wa s i neffec ti ve. 
Th e conc en tration o f  lac tic aci d  was el evated in bloo d, an d an alysi s o f  urin ary 
o rganic aci ds sho wed t he c haracteristic o rg anic aci duria o f  biotin defici enc y. 
Plasma an d urin ary conc ent ration s o f  biotin were defici ent . On treatment wit h  
10  mg o f  bio tin per da y in t he parenteral fl ui d, the bioc hemical an d c linic al 
mani festation s reverted to normal . When the pa ti ent wa s gi ven a maint enanc e 
do se o f  100 �g o f  biotin per da y for ni ne mon ths, the mani festa tion s di d no t 
reappear. 

T wo sibli ng s  with co ng eni ta l secr etor y diarrhea a nd seizures develo ped 
si mil ar cli nical an d bioc hemical a bnormali ti es on to tal paren teral nutri tion (81 ). 
Urinary bio tin l evels were lo w but ser um bio tin was no rmal. On e c hil d di ed 
wit h  metabolic aci do si s. In the ot her si blin g  200 �g o f  int raveno us biotin per 
da y bro ught to no rmal t he org anic aci duri a  but no t the skin lesion s, whic h 
required 10 mg o f  bioti n per day for resol ution . An adult pa ti ent r ecei ving ho me 
parenteral nutritio n develo ped ski n lesio ns, alo pecia , aci do si s, and n eurolo g­
ic al fi nding s tha t  resolved on the admini stra tion o f  60 �g per day o f  i ntraveno us 
biotin ( 96 ). T wo a dults r ec ei vin g lon g-t erm parent eral n ut rition develo ped 
severe alo peci a t hat was reversed by 200 � g  per da y o f  bio tin (74). E xten si ve 
study o f  three c hildren wi th bioc hemical a nd cli nical sympto ms o f  bio ti n 
defici enc y  as a result o f  to tal paren teral nutri tio n revealed that all three ha d 
markedl y depressed exc retio n o f  bio ti n but tha t only o ne ha d a lo w pla sma l evel 
o f  biotin ( 99, 100) . In t he t wo in fant s treated wit h  100 � g  o f  intraveno us biotin 
per day, t here was gradual clinic al an d bioc hemic al i mpro vement, but in o ne, 
uri nar y orga nic aci ds were still eleva ted aft er ten weeks o f  therapy. The 
respon se o f  these i nfa nts suggests tha t  100 �g o f  bio ti n per day i s  a dequa te fo r 
maint en anc e, but i s  ina dequa te to repleni sh rapi dly the depl eted levels o f  bio tin. 
T hus the recomm en dation of t he N utrition al Advi so ry G ro up of th e America n  
Medic al Associ ation fo r 20 �g o f  biotin per day for c hildren o n  parent eral 
ali menta tio n  (2) sho uld be i ncr eased. 

Bio ti n defici enc y ma y also occ ur a s  a result o f  chronic hemo dial ysi s. T hree 
pati ents with enc ephalo pathy an d peri pheral n euro pa thy an d o ne wi th peri ph­
eral n euro pat hy all sho wed marked im pro vement wi thin t hr ee months o f  t he 
daily a dmi ni stratio n o f  10 mg o f  bio tin per day ( 17 6 ). Al tho ugh bio tin l evels 
were  no t reported, i t  i s  li kely tha t  bioti n deficienc y  can occ ur i n  chro nic 
hemo dialysi s because o f  the lo ss o f  free bio ti n i n  the dialysa te. 

Ano ther po tentia l cause o f  bio ti n defici enc y  i s  th e  lo ng-term admi ni stratio n 
o f  anticon vulsant m edic ation s. Pati ents rec ei vin g phen ytoin , pyri mi don e, phe­
no barbi tal, o r  c arbamaz epin e (but not t ho se rec ei vin g so di um valpro ate) had 
sig ni fica ntly lo wer pla sma co nc entra tio ns o f  bio ti n (227 ± 80 vs 448 ± 201 
ng /l) ( 85 ,  86). In a ddi tio n  small eleva tio ns o f  the urinary levels o f  organic aci ds 
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chara cte ri sti c of bi oti n defi cie ncy we re found (87, 88). T he me cha ni sm by 
whi ch t he a nti convulsa nt me di cati ons lowe r le vel s of bi oti n i s  unk nown, but it 
may be re late d t o  effe ct s on t he i nte sti nal a bsorpti on or re nal loss of bi oti n. T he 
drugs a ll contai n a carbami de group, as  doe s bi oti n. 

A sy ndrome i n  y oung poultry, k nown a s  fatty li ver  a nd ki dney sy ndrome, 
ca use s sudden unex pe cte d death from hy pogly cemia afte r st re ss. It may be due 
t o  mode rate defi cie ncy of bi oti n a lthough it occurs wit hout othe r symptoms of 
bi oti n defi ciency (5 , 1 19) . T hi s  obse rvation le d t o  t he i nve sti gation of a possi ble 
si mila r eti ol ogy i n  t he sudde n i nfa nt deat h sy ndrome (SIDS ) i n  huma ns. T he 
me dia n  le vel of free bi oti n i n  35 i nfa nts who died  of SIDS was 336 ng/g of 
a ut opsy li ver, si gnifi cantly l owe r t ha n  t he mean of 41 9 ng/g for 5 7  i nfants wit h  
ex plai nable deaths (77, 78). Alt hough thi s  obse rvati on sugge st s t hat a margi nal 
defi cie ncy of bi oti n (t oget he r  wit h stre ss, by a na logy t o  t he sy ndrome i n  
poult ry) may be re late d t o  sudde n i nfa nt death sy ndrome, more di re ct bi oche mi ­
ca l evi de nce such as  a ssay of py ruvate carboxyla se activity i n  autopsy li ve r  or 
orga ni c aci ds i n  uri ne or ti ssue s i s  nee de d. 

CONCLUSION 

C onsi de ra ble k nowle dge ha s bee n gai ned  about the metaboli sm of bi oti n a nd it s 
i mportant role i n  huma ns t hrough t he e luci dati on of t he bi oche mi ca l  
a bnormalitie s i n  the i nherite d huma n di sorde rs t hat lea d t o  bi oti n-re sponsi ve 
multi ple carboxyla se defi cie ncy . A bnormalitie s have bee n st udie d i n  the two 
k nown e nzy me s  of bi oti n metaboli sm, hol ocarboxy lase sy nt heta se a nd bi oti ni ­
dase . T he bi oche mi cal abnormalitie s ca n be readi ly unde rst ood as  t he re sult of 
defi cie nt activity of the bi oti n- contai ni ng carboxyla se s. I n  t he pre se nce of an 
a bnormal  hol ocarboxy la se sy nt heta se, i n  whi ch t he re i s  a n  elevate d Km for 
bi oti n, t he bi oche mi cal re sponse to  lar ge dose s of bi oti n refle ct s  t he elevati on of 
ce ll ular bi oti n le ve ls to  the ra nge oft he e le vate d Km' s. I n  bi oti ni da se defi cie ncy 
t he carboxyla se activitie s a re l ow a s  a re sult of bi oti n  de ficie ncy a nd t he 
re sponse t o  bi oti n re sult s from corre cti ng thi s  defi cie ncy . T he varia ble a ge of 
onset a nd cli ni cal feature s  of bi oti ni da se defi cie ncy proba bly refle ct diffe re nce s 
i n  t he devel opme nt of t he bi oti n  defi cie ncy a s  a conse que nce of variati ons i n  t he 
i ntake of free bi oti n. 

T he cli ni cal abnormalitie s see n i n  the se di sorde rs a re not all so clea rly 
unde rst ood. T he hai r l oss a nd ski n  ra sh may be relate d t o  a defi cie ncy of 
a cetyl-C oA ca rboxyla se, re qui re d for fatty aci d  sy nt he si s, be ca use i solate d 
defi cie ncie s  of t he othe r t hree carboxyla se s ha ve not bee n shown t o  re sult i n  
t he se ma nife stati ons. T he cause of the ne urol ogi ca l a bnormalitie s i s  eve n le ss 
obvi ous, but may be relate d to a defi cie ncy of py ruvate carboxyla se i n  brai n 
(129) .  It i s  not k nown whethe r the proba ble e le vati on of bi ocyti n i n  bi oti ni da se 
defi cie ncy ha s any bi oche mi ca l  or cli ni ca l  effe ct s. If bi ocyti n d oe s  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 Km for 
biotin and in the maximum velocity. It is probable that non-Km 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 uterine development 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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