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Abstract: The vitamin nicotinamide is synthesized in the liver from tryptophan, and distributed to non-hepatic
tissues. Although it is generally accepted that 60 mg tryptophan is equivalent to 1 mg nicotinamide in humans,
the conversion ratio of tryptophan to nicotinamide is changeable. To determine if de novo nicotinamide synthe-
sis from tryptophan is influenced by nicotinamide intake itself, six young women consumed controlled diets con-
taining 30.4 or 24.8 mg niacin-equivalent nicotinamide supplements with 0, 89, 310, or 562 umol/day (0, 10.9,
37.8, or 68.6 mg/day, respectively), and urinary excretion of intermediates and metabolites of the tryptophan-
nicotinamide pathway were measured. Urinary excretion of nicotinamide metabolites increased linearly in a
dose-dependent manner. None of the intermediates, including anthranilic acid, kynurenic acid, xanthurenic acid,
3-hydroxyanthranilic acid, and quinolinic acid, changed at all, even when up to 562 umol/day nicotinamide was
given. That is, exogenous nicotinamide did not affect de novo nicotinamide synthesis. Therefore, when niacin
equivalent is calculated, the intake of nicotinamide itself need not be considered as a factor that changes the tryp-

tophan-nicotinamide conversion ratio.

Key words: Feedback inhibition, human, kynurenine pathway, NAD, nicotinamide, tryptophan, urine

Introduction

One of the general regulatory mechanisms in biosynthet-
ic pathways is feedback inhibition by the end product.
With regard to vitamins, mammals, including humans, can
synthesize nicotinamide derivatives from the essential
amino acid tryptophan. The conversion of tryptophan to
nicotinamide is important for determining the niacin
equivalent. The tryptophan-nicotinamide pathway exists
in several tissues such as the liver, kidney, spleen, and
brain, and the liver primarily contributes to the supply of
nicotinamide to non-hepatic tissues [1]. Generally, 60 mg

DOI 10.1024/0300-9831.77.4.255

tryptophan is estimated to be equivalent to | mg nicoti-
namide in humans [2-10], although the conversion ratio
of tryptophan to nicotinamide is altered by numerous fac-
tors such as vitamin deficiency [11, 12], high protein in-
take [13], hormones [14, 15], food restriction [16], exer-
cise [17], and chemicals [18-21]. Since the amount of de
novo synthesized nicotinamide derivatives from trypto-
phan is almost the same as intakes of nicotinamide and
nicotinic acid in the Japanese population [22], using this
conversion ratio to calculate niacin equivalent is impor-
tant. Rat liver tryptophan 2,3-dioxygenase activity, which
catalyzes the first irreversible step in the degradative me-
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tabolism of tryptophan to nicotinamide, is inhibited by
pyridine nucleotide coenzymes in in vitro experiments
[23]. We have previously reported that excess nicoti-
namide administration does not influence the upper part
of the tryptophan-nicotinamide pathway in rats [24]. How-
ever, there are no reports on whether nicotinamide intake
influences the tryptophan-nicotinamide pathway in hu-
mans. In the present study, we assessed the influence that
administration of nicotinamide exerted on the production
of an intermediary metabolite of the tryptophan-nicoti-
namide pathway. '

Materials and Methods

Chemicals

Quinolinic acid (QA) and anthranilic acid (AnA) were pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan). N'-methylnicotinamide (MNA) chloride, xan-
thurenic acid (XA), kynurenic acid (KA), and 3-hydrox-
yanthranilic acid (3-HA) were obtained from Tokyo Ka-
sei Kogyo (Tokyo, Japan). Ni-methyl-2-pyridone-5-car-
boxamide (2-Py) and N'-methyl-4-pyridone-3-carboxam-
ide (4-Py) were synthesized by the methods of Pullman
and Colowick [25] and Shibata er al [26]. Other chemi-
cals used were of the highest purity available from com-
mercial sources.

Subjects

Six healthy female Japanese college students who were
notregularly using medication or dietary supplements, and
who were not habitually consuming alcohol or cigarettes,
participated in the experiment. Their age, body weight,
height, and body mass index (BMI) are shown in Table L.
This study was reviewed and approved by The Ethical
Committee of the National Institute of Health and Nutri-
tion (Tokyo, Japan).

Table I: Characteristics of the Subjects.

Subjects  Age (Yr) Height (cm) Body weight (kg) BMI
Woman 1 21 161.0 50.0 19.3
Woman 2 21 161.0 52.5 203
Woman 3 21 162.0 46.0 17.5
Woman 4 21 160.7 53.0 20.5
Woman 5 21 160.5 53.0 20.6
Woman 6 21 165.0 525 19.3
Mean 21.0 161.7 512 19.6
SD 0.0 1.7 2.8 1.2

Diet

Two kinds of meals were given to the subjects. The nutri-
ent elements in each meal are shown in Tables II and I11.
Other nutrients were calculated by using the Standard Ta-
bles of Food Composition in Japan (5" edition) [27].

Experimental design

The outline of the experiment is shown in Figure 1. The
subjects spent their time as usual except for diets, on the
following schedule: meal-times (breakfast 07:00-07:30h,
lunch 12:00-12:30 h, and dinner 18:00-18:30 h), wake-
up time (06:30 h), and bed time (23:00 h). The experi-
mental period was about 4 weeks. Only the diets shown
in Tables II and III were given to the subjects during the
first week. The subjects were given the diets with 89
umol/day (10.9 mg/day) nicotinamide in the second week,
310 umol/day (37.8 mg/day) in the third week, and 562
pumol/day (68.6 mg/day) in the fourth week. Nicotinamide
was divided into a ratio of 3:4:3 and administered daily
after breakfast, lunch, and dinner. The 24-hour urine sam-
ples were collected from the second urinary sample on the
fourth day to the first urinary sample after 06:30 h (wake-
up time) on the fifth day in each week. The urine sample
volumes were measured, and 1 mL of 1 mol/L HCl was
added to 9 mL urine samples to stabilize the metabolites
in the tryptophan-nicotinamide pathway. The acidified
urine samples were stored at —20° C until needed.

Analyses

Urinary MNA was measured using the high-performance
liquid chromatography (HPLC) method of Shibata [28].
The 2-Py and 4-Py contents in the urine were simulta-
neously measured using the HPLC [26]. The contents of
KA [29], XA {30}, 3-HA [30), AnA [31], and QA [32] in
the urine were measured using HPLC.

Results

Relationship between nicotinamide intake
and urinary excretion of nicotinamide
metabolites

The increased administration of nicotinamide led to a sig-
nificant increase in the urinary excretion of nicotinamide
metabolites, which are the sum of MNA, 2-Py, and 4-Py
(Figure 2). The relationship between nicotinamide intake
and urinary excretion was linear. This result suggests that
exogenous nicotinamide is well absorbed into the body,
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Table 11: The Composition of Diet 1.

Breakfast Lunch Dinner Total
Energy (kcal) 402 689 617 1784
Protein (g) 19.5 23.8 25.2 68.6
Fat (g) 15.7 25.5 9.6 50.8
Carbohydrates (g) 46.0 85.8 104.4 248.8
Fat-soluble vitamins
Vitamin A (ug) 150 309 419 878
Vitamin D (ug) 1 0 2 3
Vitamin E (mg) 1.1 2.1 24 5.6
Vitamin K (ug) 8 204 98 31
Water-soluble vitamins!
Vitamin B, (mg as thiamin) 0.35 0.17 0.07 0.59
Vitamin B, (mg as riboflavin) 0.47 0.20 0.25 0.92
Vitamin Bg (ing as pyridoxine) 0.20 0.36 0.68 1.24
Vitamin B,z (ug as cyanocobalamin) 0.7 0.5 6.2 7.4
Niacin equivalent? (mg) 3.5 8.4 18.5 304
Pantothenic acid (mg) 1.97 4.21 3.14 9.32
Folic acid (pug as pteroyl monoglutamic acid) 52 134 44 230
Biotin (ug) 21 20 26 67
Vitamin C (mg as L-ascorbic acid) 34 34 50 118
Minerals
Na (mg) 794 1175 850 2845
K (mg) 592 601 625 1993
Ca (mg) 249 142 85 479
Mg (mg) 47 71 74 192
P (mg) 380 293 317 1071
Fe (mg) 0.8 34 2.6 6.7
Zn (mg) 1.8 37 2.5 8.0
Cu (mg) 0.15 0.44 0.43 1.02

! Water-soluble vitamins except for vitamin B,, were measured. Other nutrients were calculated by using the Standard Tables of Food
Composition in Japan, fifth revised edition -2000-, Resources Council, Science and Technology Agency, Japan.

*The niacin equivalent intake was calculated as follows: The average tryptophan content in food protein is 1.1% and the 1/60 (in
weight basis) of tryptophan taken was converted into niacin in the body.

and excess amount of nicotinamide is catabolized to MNA
and its further metabolites 2-Py and 4-Py.

Relationship between nicotinamide intake
and urinary excretion of the intermediates
in the tryptophan-nicotinamide pathway

If nicotinamide inhibits the tryptophan-nicotinamide path-
way in the liver, formation of one or more of the interme-

diates such as AnA, KA, XA, 3-HA, and QA should be
" reduced. Thus, the effects of nicotinamide administration
on the urinary excretion of the intermediates were inves-
tigated, regardless of whether or not nicotinamide inhibits
de novo nicotinamide synthesis. As shown in Figure 3, uri-
nary excretion of AnA (Fig. 3A), KA (Fig. 3B), XA (Fig.
3C), 3-HA (Fig. 3D), and QA (Fig. 3E) was little affect-
ed by the increased intake of nicotinamide. In other words,
the tryptophan-nicotinamide pathway is not affected, even
when taking a large amount of nicotinamide.

Discussion

Humans can synthesize the vitamin nicotinamide from
tryptophan in the liver, and the resultant nicotinamide is
distributed to non-hepatic tissues. The purpose of the syn-
thetic pathway in the liver is not the supply of NAD* but
the supply of nicotinamide for non-hepatic tissues. We
have clarified that the conversion pathway of nicotinamide
from tryptophan is affected by various nutrients [11-13,
16], hormones {14, 15], exercise [17], and drugs {18-21]
based on data concerning the urinary excretion of meta-
bolic intermediates in the tryptophan-nicotinamide path-
way. Furthermore, we have clarified that excessive nicoti-
namide administration does not influence the upper part
of tryptophan-nicotinamide pathway in rats [24]. Howev-
er, we still did not know whether nicotinamide itself af-
fects this conversion pathway in humans. The present
study was carried out to answer this question because the
value of the conversion ratio of tryptophan to nicotinamide
is important in deciding the niacin requirement.
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Table 111: The Composition of Diet 2.

Breakfast Lunch Dinner Total
Energy (kcal) 463 549 606 1693
Protein (g) 19.6 214 20.5 61.5
Fat (g) 223 12.8 10.0 45.0
Carbohydrates (g) 46.1 85.6 105.5 249.8
Fat-soluble vitamins
Vitamin A (pg) 294 144 444 882
Vitamin D (ug) | 0 0 1
Vitamin E (mg) 2.7 0.6 29 6.2
Vitamin K (ug) 12 98 100 210
Water-soluble vitamins]
Vitamin B, (mg as thiamin) 0.35 0.09 0.02 0.46
Vitamin B; (mg as riboflavin) 0.47 0.18 0.17 0.81
Vitamin Bs (g as pyridoxine) 0.20 0.35 0.31 0.86
Vitamin B,z (ug as cyanocobalamin) 0.7 03 10.3 11.3
Niacin equivalent? (mg) 7.0 8.1 9.7 24.8
Pantothenic acid (mg) 1.97 373 355 9.25
Folic acid (ug as pteroyl monoglutamic acid) 52 125 105 282
Biotin (ug) - 21 12 20 53
Vitamin C (mg as L-ascorbic acid) 34 25 53 112
Minerals
Na (mg) 833 1237 1080 3177
K (mg) 594 851 615 2235
Ca (mg) 250 173 96 523
Mg (mg) 47 113 96 257
P (mg) 381 253 317 1032
Fe (mg) 0.8 6.2 3.2 10.2
Zn (mg) 1.9 2.8 4.2 89
Cu (mg) 0.15 0.33 0.47 0.95

1 Water-soluble vitamins except for vitamin B, were measured. Other nutrients were calculated by using the Standard Tables of Food
Composition in Japan, fifth revised edition -2000-, Resources Council, Science and Technology Agency, Japan.

2The niacin equivalent intake was calculated as follows: The average tryptophan content in food protein is 1.1% and the 1/60 (in
weight basis) of tryptophan taken was converted into niacin in the body.

Nicotinamide administration led to a significant in-
crease in the urinary excretion of the nicotinamide metabo-
lites MNA, 2-Py, and 4-Py in a dose-dependent manner
(Figure 2). This result means that the exogenous nicoti-
namide was equally well absorbed and utilized in the body.
We did not measure the contents of nicotinamide and NAD
in the blood, because the objective of the experiment was
simply to know whether or not large amounts of exoge-
nous nicotinamide affect the tryptophan-nicotinamide
pathway. For this purpose, the most appropriate method
is to measure the metabolites excreted into the urine, as
reported previously [11-21, 24]. Therefore, six young
women were recruited for our study, and the influence that
nicotinamide administration exerted on the production of
intermediates in the tryptophan-quinolinic acid pathway,
which is in the upper part of the tryptophan-nicotinamide
pathway, was examined to measure the urinary excretion
of the metabolites. The present data clearly show that ex-
cessive nicotinamide intake does not influence the tryp-
tophan-quinolinic acid metabolism. This result means that

we can calculate the niacin equivalent regardless of the in-
take of nicotinamide.

The tryptophan-nicotinamide metabolic pathway is di-
vided into two parts: one involves tryptophan-quinolinic
acid metabolism and the other quinolinic acid-nicoti-
namide metabolism. Cho-Chung et al [23] have reported
that rat liver tryptophan 2,3-dioxygenase activity, which
catalyzes the first irreversible step in the degradative me-
tabolism of tryptophan to nicotinamide, is inhibited by
pyridine nucleotide coenzymes in in vitro experiments.
However, the present study shows that excessive nicoti-
namide administration does not decrease the formation of
intermediates from tryptophan (Figure 3). NAD+ synthe-
sis from nicotinamide is well regulated by NAD* through
inhibiting the activity of nicotinamide phosphoribosyl-
transferase [33], which catalyzes the formation of nicoti-
namide mononucleotide from nicotinamide and 5-phos-
phoribosyl-1-pyrophosphate. Therefore, in vivo, even
when excessive nicotinamide is given, the liver pyridine
nucleotide concentrations do not increase, since the cel-
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Day 1 2 3 4 5 6 7
1st week Diet 1 2 1 2 Uncontrolled | Uncontrofled | Uncontrolled
Nam +89 pmol | +89 umol | +89 umol
P
Urine collection
2nd urine 1st urine
Day 1 2 3 4 5 6 7
2nd week Diet 1 2 1 2 Uncontrolled | Uncontrolled | Uncontrolled
Nam +89 umol | +89 umol | +89 pmo! | +89 pmol | +310 pmot | +310 umol | +310 pmeot
Urine collection
2nd urine st urine
Day 1 2 3 4 5 6 7
3rd week Diet 1 2 1 2 Uncontrolled| Uncontrolled | Uncontrofled
Nam +310 pumol [+310 pmol [+310 umol | +310 pmol | +562 pmel | +562 pmol | +562 pmol
[
Urine callection
2nd urine 1st arine
Day 1 2 3 4 5
4th week Diet 1 2 1 2
Nam__ [+562 pumol |+562 umol [+562 umol -;562 pmol
Urine collection
2nd u‘rine st :xrine

Figure 1: Scheme of the experimental design. Subjects were given the diet and nicotinamide (Nam) as indicated. The compositions
of diets 1 and 2 are shown in Tables II and Ill, respectively. Nicotinamide was divided into a ratio of 3:4:3 and administered daily
after breakfast, lunch, and dinner. The 24-hour urine samples were collected from the second urinary sample on the fourth day to the
first sample on the fifth day in each week. The urine sample volumes were measured, and 1 mL of 1 mol/L. HCI was added to 9 mL
urine samples to stabilize the metabolites in the tryptophan-nicotinamide pathway. The acidified urine samples were stored at —20°C

until needed.
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Figure 2. Effect of nicotinamide
(Nam) administration on urinary
excretion of its metabolites.
Values are presented as the mean
+ SEM for six subjects. Nam
metabolites signify the total
amount of nicotinamide metabo-
lites MNA, 2-Py, and 4-Py. The
experimental conditions were as
outlined in Figure 1 and in the
Materials and Methods section.
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Figure 3: Effect of nicotinamide (Nam) administration on urinary excretion of anthranilic acid (A), kynurenic acid (B), xanthurenic

acid (C), 3-hydroxyanthranilic acid (D), and quinolinic acid (E).

Values are presented as the mean + SEM for six subjects. The experimental conditions were as outlined in Figure 1 and in the Ma-

terials and Methods section,

lular pyridine nucleotide coenzyme concentrations are
well controlled, as mentioned above.

In conclusion, we have shown that excessive nicoti-
namide does not influence the conversion pathway of tryp-
tophan to nicotinamide in humans. This result means that

the conversion ratio of tryptophan to niacin is not changed
with either more or less nicotinamide intake. Thus, the
niacin equivalent intake is calculated as usual: niacin in-
take (mg) = nicotinamide (mg) + nicotinic acid (mg) +
1/60 tryptophan (mg).
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To determine the effects of excess biotin administra-
tion on growth and water-soluble vitamin metabolism,
weaning rats were fed on a 20% casein diet containing
0.00002% biotin, or same diet with 0.04, 0.08, 0.10, 0.20,
0.50, 0.80 or 1.0% added biotin for 28 days. More than
0.08% biotin administration decreased the food intake
and body weight gain compared with the levels in
control rats. An accumulation of biotin in such tissues as
the liver, brain and Kkidney increased in a dose-depend-
ent manner, and the both bound and free biotin contents
in the liver also increased in a dose-dependent manner.
An excess administration of biotin did not affect the
urinary excretion of other water-soluble vitamins,
suggesting no effect on the metabolism of other water-

soluble vitamins. The results of the food intake and body -

weight gain indicated that the lowest observed adverse
effect level for young rats was 79.2 mg/kg body weight/
day, while the no observed adverse effect level was
38.4mg/kg/day. These results suggested immediately
setting a tolerable upper intake level for biotin.

Key words: no observed adverse effect level (NOAEL);
lowest observed adverse effect level
(LOAEL); tolerable upper intake level
(UL); urine; blood

Biotin is a water-soluble vitamin classified among the
B-group of vitamins. In humans, biotin serves as a
coenzyme for four carboxylases: pyruvate, acetyl-CoA,
propionyl-CoA, and B-methylcrotonyl-CoA." These
carboxylases have important roles in fatty acid syn-
thesis, branched-chain amino acid catabolism, odd-chain
fatty acid metabolism, and gluconeogenesis. Although
dietary biotin deficiency has not been reported in
humans, biotin deficiency has caused growth retardation,
alopecia, dermatitis and neurological impairment in
experimental animals and humans.? In addition, biotin
is important in the normal reproductive performance and

embryonic growth and development of mammals.*>

Some people have recently been taking 1-10mg/d of
biotin as a medical treatment because biotin has been
found to be correlated with certain diseases such as
diabetes mellitus,®? liver® and skin? disorders, neuro-
logical abnormality,'? and epilepsy.'"

Biotin is a heterocyclic compound, an imidazolidone
ring joined to a tetrahydrothiophene ring. The latter
possesses a valeric acid side chain. The structure is
unique, and biotin is more toxic than would be expected
if a repeated excess dosage is administered. Indeed,
single or repeated doses of biotin (total doses of 50 and
100 mg/kg body weight by subcutaneous injection)
given to rats resulted in irregularities of the estrus
cycle'>!® and fetal and placental resorption in pregnant
rats,'’? accompanied by decreased uterine weight,
reduced glycogen and protein in the uterus, and reduced
protein in the liver. However, these studies cannot be
regarded as conclusive for human dietary biotin uptake,
because of the route of administration. The administra-
tion of oral biotin in doses up to 100 mg/day to patients
with holocarboxylase synthetase and biotinidase defi-
ciency has not resulted in adverse effects,'® although the
metabolic defect may prevent or mask toxicity. The
Japanese Dietary Reference Intake recommendation
presents no data on the tolerable upper intake level
(UL) for biotin.' Biotin toxicity in healthy humans has
not been studied, and performing such a study with the
risk of an adverse effect would not be permitted. In the
present study, we investigated the effects of excess
orally administered biotin on the food intake, body
weight gain, tissue weight and water-soluble vitamin
metabolism in young rats.

‘Materials and Methods

Chemicals. Vitamin-free milk casein, sucrose, and
L-methionine were purchased from Wako Pure Chemical

* To whom correspondence should be addressed. Fax: +81-749-28-8499; E-mail: fukkie@shc.usp.ac.jp
Abbreviations: 4-PIC, 4-pyridoxic acid; Nam, nicotinamide; PaA, pantothenic acid; UL, tolerable upper intake level; MNA, N'-methylnicotin-
amide; 2-Py, N'-methyl-2-pyridone-5-carboxamide; 4-Py, N!-methyl-4-pyridone-3-carboxamide; NOAEL. no observed adverse effect level; LOAEL,

lowest observed adverse effect level
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Table 1. Composition of the Diets

Control +0.04% +0.08% +0.10% +0.20% +0.50% +0.80% +1.00%

Casein 20 20 20 20 20 20 20 20
L-Methionine 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
a-Comstarch 46.9 46.86 46.82 46.8 46.7 46.5 46.3 46.2
Sucrose 234 234 234 234 234 233 23.2 23.1
Corn oil 5 5 5 5 5 5 . 5 5
Mineral mixture® 35 35 35 35 35 35 35 35
Vitamin mixture® I ] 1 1 i i § |
D-Biotin 0 0.04 0.08 0.10 0.20 0.50 0.80 1.00

Each value is expressed as g/100¢ of diet.

*The compositions of the mineral and vitamin mixtures are described in Ref. 16.

Industries (Osaka, Japan). Comn oil was purchased from
Ajinomoto (Tokyo, Japan). Gelatinized corn starch, the
mineral mixture (AIN-93M)'® and vitamin mixture
(AIN-93-VX containing 25% choline bitartrate)'® were
obtained from Oriental Yeast (Tokyo, Japan). Thiamin
hydrochloride (C,,H;7CIN;OS-HC], 337.27), riboflavin
(CnHzoNaOﬁ, 376.37), cyanocobalamin (C63H33CON)4-
0,4P, 1355.40), nicotinamide (Nam; C¢HgN,O, 122.13),
calcium pantothenate (C,3H3,N2049-Ca, 476.54), folic
acid (pteroylmonoglutamic acid; C;oH;oN70g, 441.40),
D(+)-biotin (C1oH;6N2038S, 244.31), and 1(+)-ascorbic
acid (C¢HgOs, 176.13) were purchased from Wako Pure
Chemical Industries. N'-methylnicotinamide (MNA)
chloride (CsHgN,0-HCI, 159.61) was purchased from
Tokyo Kasei Kogyo (Tokyo, Japan). N'-methyl-2-
pyridone-5-carboxamide (2-Py; C;HgN,Q,, 152.15)
and N'-methyl-4-pyridone-3-carboxamide (4-Py; C;Hg-
N,O,, 152.15) were synthesized by the methods of
Pullman and Colowick'” and Shibata et al.,'® respec-
tively. All other chemicals used were of the highest
purity available from commercial sources.

Animals. The care and treatment of the experimental
animals conformed to the University of Shiga Prefecture
guidelines for the ethical treatment of laboratory
animals.

Male Wistar rats (3 weeks old) were obtained from
CLEA Japan (Tokyo, Japan) and placed in individual
metabolic cages (CT-10; CLEA). They were divided
into eight groups (such group consisting of four rats) and
fed ad libitum for 28 days: one group with a 20% casein
diet (used as a control group containing 0.00002%
biotin), and the others with the same diet plus 0.04, 0.08,
0.10, 0.20, 0.50, 0.80 or 1.0% biotin (Table 1).

The room temperature was maintained at around
22°C and 60% humidity, and a 12-h light (06:00—
18:00)/12-h dark (18:00-06:00) cycle was maintained.
The body weight and food intake were measured every 2
days at around at 10:00. Urine samples (24 h; 10:00-
10:00) were collected in amber bottles containing 1 ml
of 1 M HCI on the last day of the experiment, and were
stored at —20°C until needed.

The rats were killed by decapitation at around 10:00
on the last day (day 28), after the urine sample had been
collected. Serum was collected to measure biotin, and

was stored at —20°C until needed. The liver, spleen,
kidney, heart, lung, brain, testis and thigh muscle of
each animal were removed, and a portion (about 0.5 g)
was immediately treated as described next to measure
biotin.

Analyses. Vitamin B,: One milliliter of 1 M HCI was
added to 9ml of the 24-h urine sample. The urinary
concentration of thiamin was determined by the HPLC
post-labeled fluorescence method.'?

Vitamin Bj: One milliliter of I M HCl was added to
9 ml of the 24-h urine sample. The urinary concentration
of riboflavin was determined by the HPLC method.2®

Vitamin Bs: One milliliter of | M HCl was added to
9 ml of the 24-h urine sample. The urinary concentration
of the vitamin By catabolite, 4-pyridoxic acid (4-PIC),
was determined by the HPLC method.?!

Vitamin Bj;: Part of the 24-h urine samples was
stored at —20°C. The urinary vitamin B, concentration
was assayed by a microbiological method with Lacto-
bacillus delbrueckii subsp. lactis ATCC 7830.22

Niacin: One milliliter of 1 M HCI was added to 9 ml of
the 24-h urine sample. The quantity of Nam, 2-Py and 4-
Py in the urine was measured simultaneously by the
HPLC method of Shibata et al.'® The content of MNA
was measured by the method of Shibata.??) The sum of
Nam, MNA, 2-Py and 4-Py was used to represent the
niacin catabolites.

Pantothenic acid: Part of the 24-h urine samples was
stored at —20°C. The content of pantothenic acid in the
urine was directly measured by using Lactobacillus
plantarum ATCC 8014.2%

Folates: One milliliter of 1 M ascorbic acid was added
to 9ml of the 24-h urine sample. The urinary concen-
tration of folates was determined by the microbioassay
method with Lactobacillus casei ATCC 7469.2%

Biotin: Part of the 24-h urine samples was stored at
—20°C. The content of biotin in the urine was directly
measured by using Lactobacillus plantarum ATCC
801429 To measure the free serum biotin content,
0.05ml of serum was added to 1 ml of distilled water,
and the mixture was heated for 5min in a water bath at
100°C. After cooling to room temperature, the solution
was centrifuged at 9000 ¢ for 10min at 4°C, and the
resulting supernatant was used to measure biotin. To
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Table 2. Effects of Biotin Intake on the Body Weight Gain and Food Intake

Control +0.04% +0.08% +0.10% +0.20% +0.50% +0.80%
Initial body weight (g) 37.8+05 376 £ 0.5 37.8x1.2 379+ 06 37.7+£08 376+ 1.3 375+ 06
Final body weight (g) 219.74+42° 208.1+£1.9% 179.6+7.7% 1652+£52° 131.7+9.7¢ 1209 £ 8.8¢ 101.0 £0.9¢
Body weight gain (g/28d) 181.9+4.1° 1705+ 1.5 141.84£7.3% 1273146 94.1 £9.8¢ 83.3+£9.0¢ 63.8+0.1¢
Food intake (g/28d) 380.1 £6.9° 360.6+£4.4% 3234+100° 3154£99° 2564+15.1° 2369£166° 203.9+47
Each value is expressed as the mean £ SEM.
A different superscript letter means significant difference at p < 0.05.
Table 3. Effects of Biotin Intake on the Tissue Weights of Rats

Control +0.04% +0.08% +0.10% +0.20% +0.50% +0.80%
Brain 1.05 £ 0.05 1.05 £ 0.01 1.03 +£0.00 1.02 £ 0.01 0.96 £ 0.03 1.06 £ 0.02 1.00 £ 0.05
Liver 10.23 £ 0.58* 10.64 £0.15° 8.53 £ 0.52% 7.54 £ 1.03% 6.94 £ 0.53* 5.95 & 0.55% 5.34 4+ 0.29°
Heart 0.85 £ 0.01* 0.76 £ 0.02®° 0.66 = 0.02% 0.62 % 0.04% 0.54 £ 0.04% 0.49 £ 0.01°¢ 0.42 £ 0.02°
Kidney 1.84 £ 0.03* 172 £ 0.02 1.53 +£0.04° 1.46 + 0.10™ 1.19 & 0.08 1.22  0.06% 1.04 £0.03¢
Lung 1.61 £0.12? 1.30 £ 0.07® 1.14 £ 0.05% 113 £0.17% 0.78 £ 0.09° 0.73 £ 0.06° 0.67 £ 0.00°
Spleen 0.68 &+ 0.01° 0.69 + 0.01° 0.59 £ 0.01* 0.53 £ 0.07® 0.41 4 0.05% 0.29 + 0.02¢ 0.26 £+ 0.02°
Testis 2.324+0.04* 2.29+£0.03° 2.24 £0.01° 2.15 £0.16" 1.91£0.17° 1.41 £ 0.10° 081 £0.10°

Each value is expressed in g as the mean £ SEM.
A different superscript letter means significant difference at p < 0.05.

measure the total biotin content in the tissues, a portion
(about 0.5 g) of each tissue (liver, spleen, kidney, heart,
lung, brain, testis and skeletal muscle) was homogenized
with two volumes of 2.25 M H>SO4 and then hydrolyzed
by autoclaving for 1h at 121°C and 2atm. After
cooling, the hydrolysate was centrifuged at 9000 g for
10 min at 4 °C, and the resulting supernatant was used to
measure biotin. To measure the free biotin content in the
liver, a portion of the liver was homogenized with two
volumes of a 0.05M potassium phosphate buffer
(pH 7.0), the homogenate was centrifuged at 9000 g
for 10 min at 4°C, and the resulting supernatant was
used to measure biotin.

Statistical analysis. Each value is expressed as the
mean & SEM. The statistical significance was deter-
mined by ANOVA, this being followed by Tukey’s
multiple-comparison test. P < 0.05 was considered to be
statistically significant. Graph Pad Prism4.0 (Graph Pad
Software, San Diego, CA, USA) was used for all the
analyses.

Results

Effect of excessive biotin administration on the food
intake and body weight gain in young rats

The 0.00002% biotin diet was set as the control
because the AIN-93 diet recommended by AIN contains
0.00002% biotin.'® The food intake and body weight
gain were not significantly different between the 0.04%
biotin-added and control groups, whereas the food
intake and body weight gain in the group with the
>0.08% biotin-added diets were significantly lower than
those in the control group (Table 2). Diarrhea was
observed in the young rats fed with the >0.50% biotin-
added diets. One rat in four died with the 0.80% biotin-
added diet, and two in four rats died with the 1.0%

biotin-added diet. Therefore, the data for the 1.00%
biotin-added diet group are not shown in Table 2.

Effect of excess biotin administration on the tissue
weight of young rats

Table 3 shows the tissue weight of the rats fed on the
biotin diets. The brain weight was not significantly
different among the seven groups. The weights of other
tissues, including the liver, heart, kidney, lung, spleen
and testis, showed increasingly lower values in a dose-
dependent manner. The tissue weights in the 0.04%
biotin-added group were the same as those in the control
group, and all tissue weights except the brain in the
0.50% and 0.80%-added groups were lower than those
in the control group. The heart and kidney weights in the
groups with the >0.08% biotin-added diets were lower
than those in the control group, the liver and lung
weights in the groups with the >0.10% biotin-added
diets were lower, and the testis weights in the group with
the >0.20% biotin-added diets were lower those in the
control group.

Effect of excess biotin administration on the biotin
concentration in the urine, tissues and blood

The effect of excess biotin on the concentration of
biotin in the urine is shown in Fig. 1A. The urinary
excretion of biotin increased with increasing to dietary
intake of biotin. The urinary biotin excretion rate to
biotin intake was 54.1 = 5.8 in the control group, and
82.7425, 68.9+57, 63.3£2.5, 600+26, 314+

. 6.8 and 29.8 + 6.8% in the 0.04, 0.08, 0.10, 0.20, 0.50

and 0.80% biotin-added groups, respectively. The serum
free biotin content also increased with increasing intake
of biotin (Fig. 1B).

The liver total, bound and free biotin contents are
shown in Fig. 2. These biotin contents in the liver
increased in a dose-dependent manner, although the
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liver bound biotin contents were at the same level in the
0.04, 0.08 and 0.10% biotin-added groups. Ninety seven
percent of the liver total biotin existed as bound biotin in
the control group, and 30-50% of total biotin was of the
bound type in the 0.04, 0.08, 0.10 and 0.20% biotin
added-groups.

The concentrations of biotin in the skeletal muscle,
brain, heart, kidney, lung, spleen and testis also increas-
ed with increasing intake of biotin (Fig. 3). The levels of
biotin in the skeletal muscle, brain, heart, kidney, lung
and testis in the 0.04, 0.08, 0.10 and 0.20% biotin-added
groups were significantly higher than those in the control
groups. The spleen biotin content in the 0.04% biotin-
added group was not significantly higher than that in the
controls, however, the biotin contents in the 0.08, 0.10
and 0.20% biotin adding groups were significantly
higher than that in the control group.

Effect of excess biotin administration on the wrinary
excretion of other water-soluble vitamins

A mega-dose of biotin did not greatly affect the
urinary excretion of other water-soluble vitamins

(Fig. 4). Only the urinary excretion of folates was
significantly increased by feeding a diet containing up to
0.10% biotin. The urinary excretion of ascorbic acid
tended to increase with increasing intake of biotin, but a
small number of rats in each group failed to show any
significant difference.

Discussion

We have previously reported that a 0.3% nicotina-
mide diet and 1.0% calcium pantothenate diet did not
show any effect on the growth of young rats.*”*® In the
present study, an extremely high dose of biotin
representing more than a 0.80% in the diet caused
death, and more than 0.08% biotin-added diet retarded
the growth of young rats. These results suggest that an
excess biotin intake might cause some adverse effects on
humans, and that setting UL for biotin would be
important to prevent such dietary biotin-induced adverse
effects. Although no adverse effects of biotin on humans
have been reported, two studies have reported that
subcutaneously administered biotin (50 and 100 mg/kg)
to pregnant rats inhibited fetal and placental growth and
resorption of fetuses and placentae.'>'® The effects of
excess biotin intake on the reproductive organs of male
rats were not investigated in the present study, although
the testis weights in the young rats fed with the diets

" containing more than 0.50% biotin were lower than

those in the other groups. Whether an oral intake of high
biotin by pregnant rats would affect the sex hormones,
reproductive organs and fetal growth remains to be
elucidated.

For increasing accumulation of biotin in the tissues
was observed as the amount of biotin administered was
increased. This phenomenon might have been due to
too great an amount of biotin than was possible to
metabolize and excrete. It is suggested that this
accumulation was associated with the retardation of
growth. The bound biotin content in the liver increased
in the present study in a dose-dependent manner,
and biotin quantification after SDS-PAGE separation
showed that 40% of the accumulated biotin in the rat

— 367 —



Effects of Excess Biotin on Growth 2981

Skeletal muscle biotin
level (nmol/g of tissue)

i:mﬂﬂﬂ

<

Control 0.04% 008% 0.10% 0.20%
Added biotin

6
T
5
EZ Y
-t Cyua
2 © 34
= &0
- = 2~
= ©
S E
@ = 14
=<
0
Control 004% 008% 010% 020%
Added biotin
10
—_— b
¥ O
> 3 8- E
QD 7 b
- g b
E & 6 ’
s &
2 30 4 a
@3
= £ 24
- £ a
e ¥ L) ¥ T ¥
Control 0.04% 0.08% 0.10% 0.20%
Added biotin
20
—
23,/ ¢
22 154
£=
oy
2 S 101
a2
273
- 54
z B
~E | I
0

Control 0.04% 0.08% 0.10% 0.20%
Added biotin

B

”fﬁﬁﬁﬂ

Control 0.04% 0.08% 0.10% 0.20%

Brain biotin level
(nmol/g of tissue)
E-S

<

Added biotin
250 S
QD o~
2 220 D
-
= 2
g ;g 150+
a2
>.g)wo-
@'
£ E 504
& -

-

Control 0.04% 0.08% 0.10% 0.20%
Added biotin

F

famﬁﬁﬂ

" Control 0.04% 0.08% 0.0% 020%
Added biotin

Spleen biotin level
(nmol/g of tissue)
&

Fig. 3. Effects of Excessive Administration of Biotin on the Biotin Contents in the Muscle (A), Brain (B), Heart (C), Kidney (D), Lung (E), Spleen

(F), and Testis (G).

The tissues were collected the last day of the experiment. Each bar is the mean & SEM for 3 or 4 rats. A different superscript letter means

significant difference at p < 0.05.

liver that have been overdosed with biotin was bound to
protein (data not shown). Hymes et al. have proposed a
reaction mechanism by which the enzyme, biotinidase
(EC 3.5.1.12), mediates covalent binding of biotin to
histones.?”) Biotinylation of histones might play a role in
gene silencing,? cell proliferation,?!2 and DNA repair
or apoptosis.*? Treatment of cell lines with a pharma-
cological concentration of biotin (10pmol/ml) for
several weeks had only a moderate impact on biotiny-
lation of histones, whereas the biotinylation of carbox-
ylases was strongly correlated with the biotin concen-
tration in the culture media.3*3> A pharmacological
dose of dietary biotin (100mg/kg) has decreased the
abundance of biotinylated carboxylase in rat liver.’® It is

unclear whether an excess biotin intake wuold affect the
biotinylation of histones, and how these changes to
histones and some carboxylases are related to the
detrimental effect of an excess biotin intake.

The present experiment using young rats clearly
indicated that an excessive oral intake of biotin retarded
the body weight gain and food intake. Judging from the
results of the body weight gain and food intake, the no
observed adverse effect level (NOAEL) in young rats
was 0.04% in the diet, and the lowest observed adverse
effect level (LOAEL) was 0.08% in the diet. Young rats
in the 0.04% biotin group consumed about 6.83 g/day of
their diet during days O to 28, the mean body weight
during that period being about 177.8 g. Therefore, the
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Fig.4. Effects of Excessive Administration of Biotin on the Urinary Excretion of Thiamin(A), Riboflavin (B), 4-Piridoxic Acid (4-PIC),
a Metabolite of Vitamin Bg (C), Vitamin B2 (D), Sum of the Nicotinamide Metabolites, MNA, 2-Py and 4-Py (E), Pantothenic Acid (PaA)

(F), Folates (G), and Ascorbic Acid (AsA) (H).

The 24-hr urine samples were collected the last day of the experiment. Each bar is the mean % SEM for 3 or 4 rats. A different superscript

letter means significant difference at p < 0.05.

biotin intake was calculated as 38.4mg/kg body
weight/day. Young rats in the 0.08% biotin group
consumed about 11.76 g/day during days O to 28, the
mean body weight during that period was being about
149.7 g. Therefore, the biotin intake was calculated as
79.2mg/kg body weight/day. Although the present
study clearly showed that the 79.2 mg/kg body weight/
day oral intake of biotin caused adverse effects, the
present study investigated the acute, but not chronic,
effects of excess biotin intake on the body weight gain,
food intake, tissue weight, tissue biotin content and
urinary excretion of water-soluble vitamins, and not the
histopathology nor production toxicity. Furthermore, the

results of the present study were obtained from a limited
number of animals, four rats in each group. A further
study is needed to set more accurate NOAEL and
LOAEL.

A single oral administration of 20mg of biotin or
4.5 mg intravenously to healthy adults caused no adverse
effect.’” An oral intake of 1.2mg/day of biotin by
healthy adults for 14 days also did not cause any adverse
effect.3® Since the data on adverse effects from a high
biotin intake are not sufficient for a quantitative risk
assessment, UL for biotin has not been derived in USA
and Japan.'>* The data from human studies plausibly
show the low risk of several mg of biotin intake, but our
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