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Abstract
Biotin is a water-soluble vitamin that is classified as a B -group vitamin. In mammals, it serves
as an essential cofactor for four carboxylases in fatty acid synthesis, branched -chain amino acid
metabolism and gluconeogenesis. The three main purposes of th is study are: (1) to clarify the effects
of maternal biotin deficiency on biotin homeostasis in both dams and fetuses, (2) to clarify the
effects of the excess intake of biotin on early growth and (3) to clarify the effects of the excess
intake of biotin on spermatogenesis.
As described in chapter 2, to clarify the effects of maternal biotin deficiency on biotin
homeostasis in mammals, we examined whether low maternal biotin intake affects the expression
of any gene that plays an important role in maintain ing biotin homeostasis in mice. Pregnant mice
were fed a biotin-deficient diet or a biotin-supplemented (control) diet for 14 days of gestation.
The incidence of cleft palate among fetuses in the biotin -deficient group was 97.4%. The biotin
concentration was significantly decreased in all tissues examined, except maternal kidney of biotin deficient mice, compared with that in the control. In the placenta, the ratios of sodium -dependent
multivitamin transporter (SMVT) mRNA and protein expression in the bioti n-deficient group were
significantly higher than those in the control. However, the expression of holocarboxylase
synthetase and biotinidase mRNA was not significantly different between the two dietary groups.
We confirmed that low maternal biotin intake c hanges the expression of SMVT in vivo. These
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results demonstrate that maternal biotin deficiency may be associated with biotin transporter
upregulation accompanied by the abnormal development of fetuses.
As described in chapter 3, to clarify the effects o f excess intake of biotin on early growth,
weaning rats were fed on a 20% casein diet containing 0.00002% biotin, or the same diet with
0.04%, 0.08%, 0.1%, 0.2%, 0.5%, 0.8% or 1.0% added biotin for 28 days. The administration of
more than 0.08% biotin decreased the food intake and body weight gain compared with the levels
in control rats. The accumulation of biotin in such tissues as the liver, brain and kidney increased
in a dose-dependent manner. We confirmed that excess intake of biotin adversely affects early
growth. In addition, this study showed that testis weights in the 1.0% biotin group were
significantly lower than those in the control. This indicates that excess intake of biotin may
particularly affect testicular function.
Next, we focused on the effects of the excess intake of biotin on male reproduction. As
described in chapter 4, to clarify such effects in mammals, the effects of high dietary doses of biotin
on spermatogenesis were biochemically and histologically investigated in male rats. Wean ed rats
were fed a control diet containing 0.00004% biotin, or a control diet supplemented with 0.01%,
0.1% or 1.0% biotin. Pair-fed rats were fed a control diet that was equal in calories to the amount
ingested by the 1.0% biotin group because food intake was decreased in the 1.0% biotin group.
Food intake and body weight gain were lower in the 1.0% biotin group than in the control group.
The kidney, brain and testis weights were significantly lower in the 1.0% biotin group than in the
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pair-fed group after 6 weeks of feeding. The accumulation of biotin in the liver and testis increased
in a dose-dependent manner. In the 1.0% biotin group, the number of mature sperm was markedly
lower, while that of sperm with morphologically abnormal heads, mainly consistin g of round heads,
had increased. In addition, the development of seminiferous tubules was inhibited, and few
spermatogonia and no spermatocytes were histologically observed. These results demonstrate that
the long-term intake of excess biotin inhibited spermatogenesis in young male rats.
In conclusion, we first demonstrated that low maternal biotin intake changes the expression of
SMVT and the excess intake of biotin inhibits spermatogenesis. We confirmed that biotin is essential
for reproduction and development in both males and females, but its excess intake may adversely
affect the reproductive system. Further study is needed to determine the recommended intake of
biotin for pregnant women and to set a tolerable upper intake level for biotin.
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Chapter 1. General Introduction
Vitamins are essential for growth and development. The influence of various vitamins on
female and male reproduction has been studied by several research groups. For example, in terms
of deficiency in fat-soluble vitamins, it has been demonstrated that vitamin D deficiency resulted
in low reproductive capacity 1 . Wang et al. reported the effects of vitamin E on sperm functions in
spinal cord-injured rats 2 . The importance of vitamin A in male reproduction was also discovered 3
and a recent study suggested that a vitamin A metabolite, retinoic acid, is needed for adult male
spermatogonial differentiation 4 . On the other hand, excess vitamin A levels in rats were shown to
reduce the weight of the testes and to enlarge the nuclei of spermatocyt es 5 .
With regard to water-soluble vitamins, vitamin B 12 deficiency was shown to cause increments
of abnormal and dead sperm 6 . Vitamin C deficiency also disturbs spermatogenesis; therefore, the
dietary prescription of vitamin C has been shown to protect ger m cells from oxidative stress
throughout spermatogenesis in humans 7 . A low level of folate in seminal plasma is correlated with
decreased sperm count and increased sperm DNA damage in humans 8,9 . In addition, a recent study
demonstrated that pantothenic acid is an essential factor in testicular endocrinology and sperm
motility in male rats 10 . On the other hand, mega -doses of vitamin B 6 (pyridoxine) affected
spermatogenesis and decreased reproductive organ weights in rats 11 . A number of studies have
reported on the effects of vitamin deficiencies on the male reproductive system, but only a few have
looked at the effect of excess vitamin intake.
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Numerous studies have been reported concerning the role of vitamins in female reproduction.
Several studies demonstrated that maternal vitamin D deficiency affected fetal development
through an effect on maternal calcium homeostasis 12-14 . Scholl et al. suggested that vitamin E (α tocopherol) is positively associated with fetal growth by promoting greater blood flow a nd nutrient
supply to the fetus 15 . In addition, vitamin A deficiency has been shown to lead to fetal resorption
or malformation 16 .
The association of low maternal vitamin B 12 concentration with impaired fetal development
has been demonstrated 17 . Folate deficiency interferes with growth of the conceptus, uterus and
placenta through the effects on DNA synthesis and cell replication 18 . Pantothenic acid deficiency
in female mice leads to abnormal development of the ovary and uterus 19 . Roecklein et al. suggested
that vitamin B 1 (thiamine) deficiency during in utero development may contribute to intrauterine
growth retardation 20 . Several rodent studies have shown that vitamin B 2 (riboflavin) deficiency
increases the incidence of congenital malformations 21,22 . Alton-Mackey et al. showed that infant
rats born to vitamin B6-deprived dams had lower body weight and impaired neuromotor
development 23 . In the present study, we focused on the effect of biotin on female and male
reproduction.
Biotin is a water-soluble vitamin that is classified as a B-group vitamin. Boas first
demonstrated the requirement for it in mammals over 80 years ago 24 . In mammals, biotin is
covalently bound to pyruvate carboxylase (PC), acetyl -CoA carboxylase (ACC), propionyl -COA
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carboxylase (PCC) and 3-methylcrotonyl-CoA carboxylase (MCC) 25,26 . Holocarboxylase synthetase
(HCS) catalyzes the covalent attachment of biotin to these biotin -dependent carboxylases 27 . Biotin
serves as an essential cofactor for four carboxylases in fatty acid synthesis, bran ched-chain amino
acid metabolism and gluconeogenesis 28 . Therefore, biotin deficiencies cause the dysfunction of
these metabolic pathways, and the resulting biochemical and physiological impairments induce skin
disorders such as dermatitis, hair loss, neuri tis and susceptibility to infections 28 . A recent study
showed that biotin also plays roles in the epigenetic regulation of genes 29 . Kothapalli et al.
identified a novel post-translational modification: covalent binding of biotin to lysine residues in
histones 30 .
Mammals cannot synthesize biotin and must depend on dietary intake from microbial and plant
sources or microbes in the intestines 31,32 . Biotin exits in food as free and protein -bound forms 33 .
Biotinidase catalyzes the cleavage of biotin from biocytin (biotinyl-lysine) or short biotinylated
peptides 34 , thereby recycling biotin. Therefore, biotinidase deficiency causes metabolic disorder of
biotin recycling. In mammals, the sodium-dependent multivitamin transporter (SMVT) transports
some water-soluble vitamins, biotin, pantothenate and liponate 35 . SMVT is expressed in various
tissues, such as placenta, intestine, liver and kidney 36 . Biotin deficiencies are rare in humans, as
biotin is well distributed in various kinds of food. However, biotin def iciency can be induced by
consuming large amounts of raw egg whites, containing avidin .
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Numerous studies have shown that biotin is essential for reproduction and embryonic
development in mammals 37-40 . Additionally, it has recently been demonstrated that d ecreased
urinary excretion of biotin in the late stage of gestation is observed even in normal pregnancy,
suggesting that pregnant women may experience mild biotin deficiency 41,42 . However, the
relationship between biotin and fetal development is not well known. As described in chapter 2, the
aim of one part of this work was to clarify the effects of biotin deficiency during pregnancy on
maternal and fetal biotin homeostasis through the regulation of biotin transfer in mammals. HCS,
BTD and SMVT play crucial roles in biotin homeostasis by regulating biotin absorption and
recycling in mammals 43 . Therefore, whether low intake of biotin during pregnancy affects the
expression of these three proteins in maternal and fetal tissues in mice was examined.
Regarding the excess intake of biotin, the 2010 version of the Dietary Reference Intakes for
Japanese presented no data on its tolerable upper intake level (UL) 44 . The risks associated with the
excess intake of biotin have not yet been established in healthy humans . In patients with
holocarboxylase synthetase and biotinidase deficiencies, the administration of oral biotin at doses
up to 100 mg/day did not result in adverse effects 45 . In rodents, the oral LD 50 of biotin was reported
to be >10 g/kg in mice 46 and >354 mg/kg in rats 47 ; however, in these studies, the details were not
provided. Therefore, as described in Chapter 3, the effects of excess orally administered biotin
(0.01% to 1.0% biotin/kg diet) on early growth in young male rats were investigated.
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In studies on the effects of excess biotin intake on development and reproduction,
Mitthelholzer suggested that biotin at a dose totaling 50 mg/kg b.w. by subcutaneous injection did
not affect reproduction in female rats 48 . Watanabe also reported that the oral administration of 1 g
biotin/kg diet to pregnant mice during gestation had no effect on the rate of successful pregnancies 49 .
However, it remains unknown whether excessive amounts of biotin can affect reproduction in male
animals. As described in chapter 4, focusing on the effects of the excess intake of biotin on male
reproduction, the biochemical and histological effects of excess biotin (0.01% to 1.0%) intake on
cell growth and sperm maturation during spermatogenesis were examined.
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Chapter 2. Low Maternal Biotin Intake Changes the Expression of
Biotin Transporter in Mice

2.1 Introduction
It is known that biotin deficiency causes the dysfunction of these metabolic pathways, and the
resulting biochemical and physiological impairments induce skin diso rders such as dermatitis, hair
loss, neuritis and susceptibility to infections 28 . Biotin deficiencies are rare in humans, as biotin is
well distributed in various kinds of food. However, biotin deficiency can be induced by consuming
large amounts of raw egg whites, which contain high levels of avidin. Avidin is known to inhibit
the absorption of biotin from the intestinal tract and to produce biotin deficiency 28 . It is also
reported that biotin deficiency is induced in patients provided anticonvulsants 50 and in infants fed
with special therapeutic infant formulas in Japan 51 .
Biotin is essential for reproduction and fetal development in mammals. We first detected that
maternal biotin deficiency causes severe malformations in mouse fetuses 37-38 . The external
malformations are mainly cleft palate, micrognathia and micromelia in the ICR and A/Jax strains.
We previously detected that there are strain and species differences in the teratogenic effects of
biotin deficiency in rodents 39-40 . It has been demonstrated that decreased urinary excretion of biotin
in the late stage of gestation is observed even in normal pregnancy, suggesting that pregnant women
may suffer mild biotin deficiency 41-42 . In pregnant mice, biotin excretion in urine decreased on day
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of gestation (dg) 4 in biotin-deficient dams and on dg 16 in biotin -supplemented dams 52-53 . The
requirement for biotin may increase during gestation and/or fetal development at the specific stages.
A large amount of biotin compared to the normal stage is necessary for maintaining normal
reproductive performance during the late stage of gestation. The relationship between biotin and
fetal development is not well known.
The present study aimed to clarify the effects of biotin deficiency during pregnancy on three
genes related to biotin homeostasis in mammals. Sodium -dependent multivitamin transporter
(SMVT), holocarboxylase synthetase (HCS) and biotinidase (BTD) play crucial roles in biotin
homeostasis by regulating biotin absorption and recycling 43 . SMVT, which transports some watersoluble vitamins, biotin, pantothenate and liponate, is expressed in various tissues such as placenta,
intestine, liver and kidney 35-36 . Ghosal et al. reported that conditional knockout of the SMVT gene
in mouse intestine caused growth retarda tion and decreased bone density and length 54 . There are no
reports about the effect of biotin deficiency on SMVT expression in vivo. Meanwhile, HCS catalyzes
the biotinylation of carboxylases 55 and histones 56 , and BTD is the enzyme responsible for the
recycling of biotin, the transport of biotin in plasma 57 and the regulation of histone biotinylation 58 .
In humans, the biotin cycle was shown to be disrupted by genetic deficiency of HCS or BTD 59 , but
it remains unclear whether these three proteins directly affect biotin metabolism during pregnancy.
Therefore, we examined whether a low intake of biotin during pregnancy affects the expression of
these proteins in maternal and fetal tissues in mice.
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2.2 Materials and methods
2.2.1 Animals and diet
Nulliparous female ICR mice, aged 6 weeks, were obtained from CLEA Japan Inc. (Tokyo,
Japan). All animals, including males used for mating, were housed for 2 weeks before mating in an
animal room maintained under 12 h light -dark cycle conditions of 0900-2100 and at a constant room
temperature of 23 ± 2 °C. The female mice were mated with healthy males for a short mating period
in the morning (0900-1100). The day when a copulation plug was detected at the end of mating was
designated as day 0 of gestation (dg 0). Pregnan t females were randomly divided into two groups:
a biotin-deficient group (n=11) fed a biotin-deficient diet (Table 2-1) and a control group (n=10)
fed a biotin-supplemented diet (biotin-deficient diet supplemented with 5 mg biotin/kg). These mice
were housed in stainless steel cages with a wire -bottomed floor and given the diets and distilled
water ad libitum for 14 days (full term = 19 days). Diet consumption had been confirmed to be
approximately the same in the two dietary groups in our previous study 4 . All experimental
procedures including the care and treatment of mice described in this paper were approved by the
Institutional Animal Care and Use Committee of the School of Human Science and Environment,
University of Hyogo (#038, 087).

2.2.2 Collecting samples
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Pregnant mice were killed on dg 14 because, in normal murine craniofacial development, the
secondary palates undergo major organogenesis on dg 12 -15 60 . Serum was collected to measure
biotin concentration and biotinidase activity, and was stored at -20 °C until needed. Fetuses were
collected from the uterus and immersed in phosphate -buffered saline (PBS). The placenta was
removed from the fetuses and the number of fetuses was confirmed. Maternal tissues (brain, liver,
kidney and placenta) and fetal tissues (liver and palatal process) were collected. Palatal processes
were carefully dissected from the head in fetuses under a dissecting microscope using a technique
described previously 21 . These samples were immediately stored at -80 °C until analysis.

2.2.3 Measurements of biotin concentration and biotinidase activity
Blood was centrifuged for 10 min at 3,000 rpm and serum was collected. Tissues were lysed
with solubilization buffer (1% Triton -X100 and 0.02% protease inhibitor in PBS). These tissue
samples were homogenized on ice using a sonicator. The sonicated samples were centrifuged at
15,000 rpm for 15 min at 4 °C and the supernatant was collected.
Biotin concentration in tissues was determined using a microtiter plate adaptation of a
microbiological assay with Lactobacillus plantarum ATCC 8014 61-63 . This bacterium was obtained
from American Type Culture Collection, which is generally used for determining the quantity of
some vitamins, cultured in a microtiter plate for 24 h and the cell density was determined at 610
nm. As biotin in tissues partially existed in a protein -binding form, for the determination of total
12

biotin, 100 µL of sample solution was pretreated with 2.25 M H 2 SO 4 for 121 °C for 60 min and
neutralized with 4.5 M NaOH. Biotin concentrations are expressed as pmol/mL or nmol/g protein.
The protein concentration of samples was determined with a BCA Assay kit (Thermo Fisher
Scientific Inc., Kanagawa, Japan). Biotinidase activity was measured using the colorimetric method
by measuring the liberation of p-aminobenzoate from N-biotinyl-p-aminobenzoate. Biotinidase
activity is expressed as nmol/min/mL or nmol/min/g protein.

2.2.4 Quantitative real-time PCR
Total RNA from tissues was isolated using TRIzol reagent (Life Technologies Japan Ltd.,
Tokyo, Japan), and complementary DNA was synthesized using a ReverTra Ace qPCR RT Master
Mix (TOYOBO Co. Ltd., Osaka, Japan). Quantitative mRNA expression was assessed via SYBR
Green qPCR assay. The gene-specific primer sequences were as follows: for SMVT, forward 5’ ACGCAAGGCAAGCAGAAC-3’ and reverse 5’-GCACCGACTGATTCTGTGAGTA-3’; for HCS,
forward 5’-TCCAGCATTTGATGTCCTTG-3’ and reverse 5’-TATCGTTGGGCCACTTCACT-3’;
for

BTD,

forward

5’-CATCCATCGGTCCTGAGC-3’

and

reverse

5’-

TAATCTGCACACCCTTCTGG-3’; for β-actin, forward 5’-CTAAGGCCAACCGTGAAAAG-3’
and reverse 5’-ACCAGAGGCATACAGGGACA-3’. The mRNA levels were assessed with β -actin
as an internal control under the following conditions: pre -incubation at 98 °C for 2 min, followed
by 40 cycles of 98 °C for 10 s, 60 °C for 10 s, and 68 °C for 30 s. All qPCR was performed in KOD
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SYBR qPCR mix (TOYOBO Co. Ltd., Osaka, Japan) on a StepOne Real -time PCR System (Applied
Biosystems Inc., Japan, Tokyo, Japan) . The results were normalized to β -actin. Fold change
expression was calculated using threshold cycle (Ct) values and determined via the 2 -ΔΔCT method 64 .

2.2.5 Western blot analysis
Tissues samples were homogenized as described above. The protein concentr ation of samples
was determined with a BCA Assay kit (Thermo Fisher Scientific Inc., Kanagawa, Japan). Each
sample was adjusted to the same concentration of protein and subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Extracted protein was heated at 100 °C for 5 min
before loading. Samples were then separated on 8% gels, transferred onto polyvinylidene difluoride
(PVDF) membranes (Pall Fluoro Trans W membrane, NIPPON Genetics Co., Ltd., Tokyo, Japan)
and blocked for 1 h at room temperature in 1% bovine serum albumin. Monoclonal anti -β-actin
(1:3000; Sigma-Aldrich Co. Ltd., Tokyo, Japan) and polyclonal anti -SMVT (1:200; Santa Cruz
Biotechnology, Inc., Santa Cruz, USA) were obtained to detect these antigens. Membranes were
incubated with these antibodies overnight at 4 °C and were subsequently incubated with horseradish
peroxidase-conjugated secondary antibodies (Jackson Immuno Research Laboratories Inc., West
Grove, PA, USA) for 1 h at room temperature. Target protein was dete cted using the enhanced
chemiluminescence system (GE Healthcare Japan Co., Ltd., Tokyo, Japan).
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2.2.6 Statistical analysis
The values in the text are expressed as mean ± SD. To assess the effects of biotin deficiency,
statistical comparison of means of t wo experimental groups was conducted by Student’s t-tests.
Statistical analysis of the data was performed on a personal computer using a standard statistical
package (Statcel Ver. 3, Tokyo, Japan). Differences were considered statistically significant if P
values less than 0.05 in all analyses.

2.3 Results
2.3.1 Body weight and growth
No significant differences were observed between the two dietary groups for food intake, body
weight gain and fetal number (data not shown). These results are consistent wit h our previous
studies of the effect of biotin deficiency during pregnancy on mice 65 . No clinical signs of biotin
deficiency in dams were observed. Maternal tissue weights were also not significantly different
between the two dietary groups (Table 2 -2). Incidence of cleft palate of fetuses in the biotin deficient group was 97.4%.

2.3.2 Biotin concentration and biotinidase activity
The biotin contents in the tissues are shown in Table 2 -3. In biotin-deficient mice, total biotin
concentration was significantly decreased in the maternal serum (22% of control), liver (59%),
15

placenta (16%), fetal liver (3%) and palatal process (10%) comp ared with the control group. In
particular, the biotin contents were markedly decreased in maternal serum and fetal liver. These
results consistent with our previous study 65 . Meanwhile, in maternal kidney, biotin contents did not
differ between the two dietary groups. The ratio of free biotin was significantly increased in the
maternal liver of biotin-deficient mice (125% of control), while a significant decrease was observed
in fetal palatal process (26%). Biotinidase activity showed no significant differe nce in these tissues
between the two dietary groups (Table 2 -4).

2.3.3 SMVT, HCS and BTD gene expression
In terms of the expression of mRNA in the tissues, quantitative RT-PCR analysis showed that
the relative level of SMVT mRNA was significantly increase d in the placenta and fetal liver of the
biotin-deficient group compared with the control group (Fig. 2 -1A). Meanwhile, no significant
differences were observed in maternal liver and fetal palatal process. The expression of HCS and
BTD mRNA was not significantly different in all tissues examined between the two dietary groups
(Fig. 2-1B, C).

2.3.4 Biotin transporter protein expression
Western blot analysis demonstrated that the expression of SMVT protein was significantly
elevated in the placenta of biotin-deficient mice compared with control group (Fig. 2 -2B). In
16

maternal liver, SMVT protein expression showed a pattern to decrease in biotin -deficient mice
(p=0.100) (Fig. 2-2A). There was no significant difference in fetal liver between the two dietary
groups (Fig. 2-2C).

2.4 Discussion
We suggested in previous studies that biotin deficiency during pregnancy in mice causes a
remarkably high incidence of congenital malformations such as cleft palate, micromelia and
micrognathia in fetuses 37-38,66-67 . Levin et al. also suggested that rat fetuses from dams given a
biotin-deficient diet throughout gestation had some obvious dysmorphic features 68 . These studies
suggested that biotin may be required to maintain normal pregnancy and fetal development in the
middle stage of gestation. However, it remains unclear how maternal biotin deficiency affects biotin
homeostasis during pregnancy through the regulation of biotin transfer. In order to clarify the effect
of maternal biotin deficiency on the maintenance of biotin homeostasis during pregnancy, we
studied the expression of three genes related to biotin homeostasis in mammals.
SMVT (product of the SLC5A6 gene) is essential for mediating and regulating biotin uptake
into mammalian cells. In the present study, we show ed that mRNA levels of biotin transporter
SMVT were increased in accordance with biotin deficiency during pregnancy in the placenta and
fetal liver. SMVT protein expression was also increased in the placenta, but there was no significant
difference in the fetal liver. Meanwhile, in maternal liver, mRNA levels of SMVT did not differ
17

between the two dietary groups, but SMVT protein expression showed a pattern of decrease in
biotin-deficient mice. Absorptive tissues, such as the intestinal mucosa and kidney, a nd the placenta
have very high levels of SMVT-specific mRNA 6 9 . The placenta plays a key role in the maternal fetal relationship, maintaining fetal homeostasis through the regulation of nutrient transfer. It has
been reported that biotin deficiency decrease d the level of hSMVT in human liver HepG2 cells 70
and leukocytes 71 . On the other hand, Reidling et al. demonstrated that biotin deficiency leads to an
increase in the protein and mRNA levels of hSMVT in human intestinal epithelial cells 72 . In addition,
Crisp et al. suggested that biotin concentration correlates negatively with the expression of SMVT
in human choriocarcinoma cells 73 . These studies indicated that the effects of biotin deficiency on
SMVT expression might differ between tissues that have high l evels of SMVT, such as intestine
and placenta, and other tissues. We suggested that maternal biotin deficiency leads to changes in
the expression of SMVT in the placenta in an attempt to maintain the homeostasis of biotin.
It was demonstrated that maternal folate deficiency is associated with folate receptor
upregulation accompanied by multiple aberrations in fetal tissues 74 . Kim et al. found that paternal
folate deficiency affected folate transport in the placenta 75 . These studies suggested that folate
deficiency reduced the folate content with an increase in the expression of folate receptor in the
placenta. The mechanism of these seemingly contradictory findings is unclear. The role of placenta
has recently received great attention because of its importa nce in epigenetic regulation during the
development of offspring 76 . Biotin is covalently attached to histones and biotinylation of histones
18

plays a role in cell proliferation, gene silencing and cellular response to DNA damage 30 . Maternal
biotin deficiency might affect fetal development through the impact on placental development and
function.
In the present study, the expression of SMVT mRNA was increased in accordance with biotin
deficiency in the fetal liver, whereas its protein expression was not modifi ed. The protein
expression of SMVT was not consistent with mRNA expression, implying the existence of post transcriptional regulation of SMVT. MicroRNAs (miRNAs) are a class of small non -coding
functional RNAs that mediate post -transcriptional regulation of gene expression 77 . miRNAs reduce
the translation and/or stability of that mRNA, leading to a reduction in protein levels. A recent
study showed that the expression of miR-539 depends on biotin’s regulation of the expression of
HCS in human kidney cells 78 . miRNA may play roles in the regulation of SMVT expression.
HCS and BTD gene expression in maternal liver, placenta, fetal liver and palatal process was
unchanged by biotin deficiency in the present study. Biotinidase activity in these tissues also did
not differ between the two dietary groups. Rodríguez -Meléndez et al. suggested that HCS mRNA
was significantly decreased in the liver, kidney, muscle and brain in biotin -deficient male rats 79 . A
recent study showed that HCS acts as a biotin sensor, which may be involved in post -translational
regulation of SMVT expression in Jurkat cells 80 . On the other hand, it has been demonstrated that
hepatic mRNA for HCS did not change significantly in either dams or fetuses in mice 81 , which is
consistent with our findings. These studies indicate that the effects of biotin deficiency on HCS
19

expression may be specific to the gender and the type of cell. In terms of BTD expression, gene
expression was not affected by biotin supply in human choriocarcinoma cells 73 . We suggested that
the biotin recycling system does not act to maintain the homeost asis of biotin when dams become
biotin-deficient.
In conclusion, we detected that a low intake of biotin during pregnancy changes SMVT gene
and protein expression. There are no reports about the effect of biotin deficiency on SMVT
expression in vivo. We first confirmed that a low level of maternal biotin intake changes the
expression of SMVT. These results demonstrated that maternal biotin deficiency may be associated
with biotin transporter upregulation accompanied by abnormal development of the fetuses. Further
studies about the relationship between maternal biotin deficiency and fetal development are needed.
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Table 2-1 Component of the biotin-deficient diet

Ingredient
Egg white, spray dried
L-cystine
Corn starch
a-Corn starch
Sucrose
Soybean oil
Cellulose powder
Mineral mix (AIN-93G)

Amount (%)
20
0.3
39.7486
13.2
10
7
5
3.5

Biotin-free vitamin mix (AIN-93G)†
Choline bitartrate
tert-Butylhydroquinone

1
0.25
0.0014

†

Component of the biotin-free vitamin mix
Vitamin A (All-trans-retinyl paimitate) [500,000U/g]
Vitamin D3 (Cholecalciferol) [400,000IU/g]
Vitamin E (All-rac-a-Tocopheryl Acetate) [50%]
Vitamin K1 (Phylloquinon)
Vitamin B1 (Thiamine hydrochloride)
Vitamin B2 (Riboflavin)
Vitamin B6 (Pyridoxine Hydrochloride)
Vitamin B12 (Cyanocobalamin) [0.1%]
Folic acid
Calcium pantothenate
Nicotinic acid
Sucrose

0.08
0.025
1.5
0.0075
0.06
0.06
0.07
0.25
0.02
0.16
0.3
97.4675

Table 2-2 Effects of maternal biotin deficiency on maternal tissue weights.

Brain
Liver
Control
0.49 ± 0.05
2.73 ± 0.18
Biotin-deficient
0.47 ± 0.02
2.36 ± 0.27
Each value is expressed as the mean ±SD (n=3).
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Kidney
0.24 ± 0.01
0.22 ± 0.01

Placenta
0.08 ± 0.01
0.08 ± 0.01

Table 2-3 Biotin concentration in maternal and fetal tissues.

Dams

Serum

total biotin (pmol/mL)
free biotin (pmol/mL)
free to total ratio (%)
Liver
total biotin (nmol/g of protein)
free biotin (nmol/g of protein)
free to total ratio (%)
Kidney
total biotin (nmol/g of protein)
free biotin (nmol/g of protein)
free to total ratio (%)
Placenta
total biotin (nmol/g of protein)
free biotin (nmol/g of protein)
free to total ratio (%)
Fetuses
Liver
total biotin (nmol/g of protein)
free biotin (nmol/g of protein)
free to total ratio (%)
Palatal process
total biotin (nmol/g of protein)
free biotin (nmol/g of protein)
free to total ratio (%)
Each value is expressed as the mean ±SD (n=3-11).
*P < 0.05, **P < 0.01, compared with the control group.

Dietary groups
Control
Biotin-deficient
132.9 ± 53.3
29.2 ± 11.2**
109.8 ± 18.4
14.6 ± 0.9**
54.4 ± 10.2
53.8 ± 19.3
26.4 ± 5.8
15.5 ± 2.3*
3.5 ± 0.3
2.6 ± 0.2*
13.5 ± 1.7
16.9 ± 1.2*
27.6 ± 8.1
26.1 ± 2.4
1.0 ± 0.3
0.7 ± 0.0
4.0 ± 2.5
2.6 ± 0.3
11.8 ± 8.1
1.9 ± 0.4*
4.6 ± 1.8
0.4 ± 0.1*
40.5 ± 15.5
24.4 ± 8.9
86.1 ± 25.4
2.3 ± 0.5**
72.5 ± 18.7
1.3 ± 0.2**
86.3 ± 16.2
57.2 ± 8.6
23.0 ± 20.6
2.3 ± 1.0
14.4 ± 10.1
0.5 ± 0.4
73.1 ± 17.5
18.8 ± 11.3*

Table 2-4 Biotinidase activity in maternal and fetal tissues.

Dietary groups
Control
Biotin-deficient
Dams
Serum (nmol/min/mL)
Liver (nmol/min/g protein)
Kidney (nmol/min/g protein)
Placenta (nmol/min/g protein)

7.3 ± 1.3
357.9 ± 109.9
508.6 ± 44.8
164.3 ± 61.0

7.9 ± 1.4
378.1 ± 73.9
541.2 ± 68.1
198.7 ± 95.0

76.1 ± 31.7
117.5 ± 66.2

62.6 ± 39.9
191.5 ± 118.1

Fetuses
Liver (nmol/min/g protein)
Palatal process (nmol/min/g protein)
Each value is expressed as the mean ±SD (n=3).
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Fig. 2-1 Effects of biotin deficiency on gene expression of SMVT (A), HCS (B) and BTD (C) in maternal
and fetal tissues. Ct value were normalized with β-actin as a housekeeping gene. Relative expression
of mRNA is represented as fold change in comparison to the control group. Black bar, control; gray bar,
biotin-deficient. Each value is expressed as the mean ± SD (n=3 -6). *P < 0.01, compared with the
control group.
† One

value of the data of SMVT mRNA expression in the maternal liver of the biotin -deficient

group was deleted since this value was unusually high (about 5 times higher than in the control group).
When this value is included, the mean value becomes 2.47 ± 2.44 (n=3).
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Fig. 2-2 Effects of biotin deficiency on SMVT protein expression in maternal and fetal tissues: (A)
maternal liver, (B) placenta, (C) fetal liver. SMVT protein in tissues was detected by Western blot
analysis. A 69-kDa band corresponding to SMVT protein was detect ed. The intensity of individual
bands was quantified using Image J densitometry software . As an internal control, β-actin (42 kDa) was
used for normalization. The ratio for the control group was assigned a value of 1. The results for one
representative sample and the normalized average values for the 3 samples studied, compared with the
control group, are shown. Each value is expressed as the mean ± SD (n=3). * P < 0.05, compared with
the control group.
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Chapter 3. Effects of Excess Intake of Biotin on the Growth in Young Rats

3.1 Introduction
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 administe red. Some people have recently been
taking 1-10 mg/d of biotin as a medical treatment because biotin has been found to be correlated
with certain diseases such as diabetes mellitus 82,83 , liver 84 and skin 85 disorders, neurological
abnormality 86 and epilepsy 87 .
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 88,89 and fetal and
placental resorption in pregnant rats 88 , 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 administration of oral biotin in doses up to 100 mg/day to patients with holocarboxylase
synthetase and biotinidase deficiency has not resulted in adverse effects 45 , 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 44 . Biotin toxicity in healthy
humans has not been studied, and performing such a study with the risk of an adverse effect would
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not be permitted. In the present study, we investigated the effects of excess orally administered
biotin on the food intake, body weight gain, organ weight in young rats.

3.2 Materials and methods
3.2.1 Chemicals
Vitamin-free milk casein, sucrose, and L -methionine were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Corn oil was purchased from Ajinomoto (Tokyo, Japan).
Gelatinized corn starch, the mineral mixture (AIN -93M) 90 and vitamin mixture (AIN-93-VX
containing 25% choline bitartrate) 90 were obtained from Oriental Yeast (Tokyo, Japan). D(+)-biotin
(C 10 H 16 N 2 O 3 S, 244.31) were purchased from Wako Pure Chemical Industries. All other chemicals
used were of the highest purity available from commercial sources.

3.2.2 Animals
The care and treatment of the experimental animals conformed to the University o f 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 gro up
consisting of four rats) and fed ad libitum for 28 days: one group with a 20% casein diet (used as a
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control group containing 0.000002% 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 3 -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 1mL of 1 M HCl 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, brain, and testis of each animal were removed, and a portion
(about 0.5 g) was immediately treated as described next to measure biotin.

3.2.3 Analysis
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 8014 61 . To measure the free serum biotin
content, 0.05 mL of serum was added to 1 mL of distilled water, and the m ixture was heated for 5
min in a water bath at 100°C. After cooling to room temperature, the solution was centrifuged at
9000 g for 10 min at 4°C, and the resulting supernatant was used to measure biotin. To measure the
total biotin content in the organs, a portion (about 0.5 g) of each organ (liver, spleen, kidney, brain,
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and testis) was homogenized with two volumes of 2.25 M H 2 SO 4 and then hydrolyzed by
autoclaving for 1 h at 121°C and 2 atm. 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 0.05 M
potassium phosphate buffer (pH 7.0), the homogenate was centr ifuged at 9000 g for 10 min at 4°C,
and the resulting supernatant was used to measure biotin.

3.2.4 Statistical analysis
Each value is expressed as the mean ± SEM. The statistical significance was determined by
ANOVA, this being followed by Turkey’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.

3.3 Results
The 0.00002% biotin diet was set as the control because the AIN -93 diet recommended by AIN
contains 0.00002% biotin 11 . 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 (Fig. 3-1). Diarrhea was observed in the young rats fed with the >0.50% biotin -added diets.
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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 Fig.
3-1.
Figure 3-2 shows the organ weight of the rats fed on the biotin diets. The brain weight was not
significantly different among the seven groups. The weights of othe r organs, including the liver,
kidney, spleen and testis, showed increasingly lower values in a dose -dependent manner. The organ
weights in the 0.04% biotin-added group were the same as those in the control group, and all organ
weights except the brain in the 0.50% and 0.80%-added groups were lower than those in the control
group. The kidney weights in the groups with the >0.08% biotin -added diets were lower than those
in the control group, the liver 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.
The effect of excess biotin on the concentration of biotin i n the urine is shown in Fig. 3-3A.
The urinary excretion of biotin increased with increasing to dietary intake of biotin. The serum free
biotin content also increased with incre asing intake of biotin (Fig. 3 -3B).
The concentrations of biotin in the brain, kidney, spleen and testis also increased with
increasing intake of biotin (Fig. 3-4). The levels of biotin in the brain, kidney, 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
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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.

3.4 Discussion
In the present study, an extremely high dose of biotin representin g 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 88,89 . 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 organs 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. Hymes et al. have proposed a reaction mechanism by which the
30

enzyme, biotinidase (EC 3.5.1.12), mediates covalent binding of biotin to histones 58 . Biotinylation
of histones might play a role in gene silencing 91 , cell proliferation 56,92 and DNA repair or
apoptosis 93 . Treatment of cell lines with a pharmacological concentration of biotin (10 pmoL/mL)
for several weeks had only a moderate impact on biotinylation of histones, whereas the biotinylatio n
of carboxylases was strongly correlated with the biotin concentration in the culture media 73,94-95 . A
pharmacological dose of dietary biotin (100 mg/kg) has decreased the abundance of biotinylated
carboxylase in rat liver 96 . It is unclear whether an excess biotin intake would 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 excessi ve 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 effe ct 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 0 to 28, the mean
body weight during that period being about 177.8g. Therefore, the biotin intake was calculated as
38.4 mg/kg body weight/day. Young rats in the 0.08% biotin group consumed about 11.76 g/day
during days 0 to 28, the mean body weight during that period was being about 149.7 g. Therefore,
the biotin intake was calculated as 79.2 mg/kg body weight/day. Although the p resent study clearly
showed that the 79.2 mg/kg body weight/day oral intake of biotin caused adverse effects, the present
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study investigated the acute, but not chronic, effects of excess biotin intake on the body weight
gain, food intake, organ weight, organ biotin content, 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 single oral administration of 20 mg of biotin or 4.5 mg intraven ously to healthy adults caused
no adverse effect. An oral intake of 1.2 mg/day of biotin by healthy adults for 14 days also did not
cause any adverse effect 97 . 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 44,98 . The data from human studies plausibly show the low risk of several mg of biotin intake,
but our results clearly show that an excess intake of biotin increased the risk of adverse effects. A
further study is therefore needed to collect enough data to set UL for biotin.
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Table 3-1.

Composition of the diets

Mineral mixturea

Control
20
0.2
46.9
23.4
5
3.5

0.04%
20
0.2
46.86
23.4
5
3.5

0.08%
20
0.2
46.82
23.4
5
3.5

0.1%
20
0.2
46.8
23.4
5
3.5

0.2%
20
0.2
46.7
23.4
5
3.5

0.5%
20
0.2
46.5
23.3
5
3.5

0.8%
20
0.2
46.3
23.2
5
3.5

1.0%
20
0.2
46.2
23.1
5
3.5

Vitamin mixturea
D-Biotin

1
0

1
0.04

1
0.08

1
0.1

1
0.2

1
0.5

1
0.8

1
1.0

Casein
L-Methionine
a-Cornstarch
Sucrose
Corn oil

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

The compositions of the mineral and vitamin mixtures are described in ref. 90.
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Fig. 3-1.

Effects of biotin intake on the food intake (A) and body weight gain (B).

Each value is expressed as the mean ± SEM.
A different superscript letter means significant difference at p < 0.05.
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Fig. 3-2.

Effects of biotin intake on the organ weights of rats.

Each value is expressed in g as the mean ± SEM.
A different superscript letter means significant difference at p < 0.05.
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Fig. 3-3.

Effects of Excessive Administration of Biotin on the Urinary Excretion of Biotin (A)

and Free Biotin Content in the Serum (B).
The 24-hr urine samples were collected on the last day of the experiment, and then the serum was
collected. Each bar is the mean ± SEM for 3 or 4 rats. A different superscript letter means significant
difference at p < 0.05.
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Fig. 3-4.

Effects of Excessive Administration of Biotin on the Biotin Contents in the Brain (A),

Liver (B), Kidney (C), Spleen (D), Testis (E).
The organs 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.
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Chapter 4: Excess Intake of Biotin Inhibits Spermatogenesis in Young Rats

4.1 Introduction
Biotin is known to play an important role in general metabolism and the normal development
of mammals and birds. It is also crucial for maintaining reproductive functions and normal
embryonic development 99 . However, to the best of our knowledge, few studies have examined the
effects of excessive amounts of biotin during growth periods in mammals.
A repeated dose of biotin (25 mg/kg b.w. at morning and evening for one day or two
consecutive days) administered subcutaneously to rats resulted in i rregularities in the estrus
cycle 88,100 as well as fetal and placental resorption in pregnant rats 100 , and was accompanied by a
decrease in uterine weight, reduced glycogen and protein levels in the uterus, and reduced protein
levels in the liver. However, these studies cannot be regarded as conclusive for dietary biotin intake
in humans due to the different route of administration.
Regarding the excess intake of biotin in humans, the administration of oral biotin at doses up
to 100 mg/day to patients with holocarboxylase synthetase and biotinidase deficiencies did not
result in adverse effects 45 . However, the 2010 version of the Dietary Reference Intakes for Japanese
has presented no data on the tolerable upper intake level (UL) of biotin 44 . The risks associated with
the excess intake of biotin have not yet been established in healthy humans, and any studies on the
adverse effects of biotin have not been ethically permitted.
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In rodents, the oral LD 50 of biotin was reported to be >10 g/kg in mice 46 , and >354 mg/kg in
rats 47 ; however, in these studies, the details were not provided. We previously reported that the oral
administration of 1 g biotin/kg diet to pregnant mice during gestation had no effect on the rate of
successful pregnancies 49 . Furthermore, we recently demonstrated that some rats fed a 0.8% (8 g
biotin/kg diet) or higher biotin diet had diarrhea and died 101 . Regarding the effects of high-dose
biotin on development and reproduction, Mitthelholzer 48 suggested that biotin at a dose totaling 50
mg/kg b.w. by a subcutaneous injection did not affect reproduction in female rats. Paul and
Duttagupta 102,103 demonstrated that the acute administration of biotin (100 mg/kg b.w.) by
subcutaneous injection during pregnancy caused the resorption of fetuses and p lacentae in rats. On
the other hand, it remains unknown whether excessive amounts of biotin can affect reproduction in
male animals. In the present study, we investigated the biochemical and histological effects of high dose biotin (0.01% to 1.0%) intake o n cell growth and sperm maturation during spermatogenesis in
order to characterize a new function of biotin in reproduction in male rats.

4.2 Materials and methods
4.2.1 Animals and diets
Male Wistar rats (3 weeks old) were obtained from CLEA Japan Inc. (Tokyo, Japan). All
animals were housed with CE-2 (CLEA Japan Inc.) for at least 1 week to acclimate them to the
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animal room. Rats were then divided into five experimental groups: a control group (n=5), 0.01%
biotin group (n=5), 0.1% biotin group (n=6), 1. 0% biotin group (n=12), and pair-fed group (n=12).
The control group was fed the CE-2 diet (containing 0.00004% biotin), and the experimental groups
were fed the CE-2 diet supplemented with 0.01, 0.1, or 1.0% biotin. The intake of biotin in the
1.0% biotin-added rat corresponds to a dose of 990 mg/kg b.w./day. Pair-fed rats were fed a control
diet that was equal in calories to the amount ingested by the 1.0% biotin group, as daily food intake
was significantly decreased in the 1.0% biotin group. The diet am ount to be given to the pair-fed
rats was calculated as the mean food intake of all rats in the 1.0% biotin group during the previous
week. Male rats were given these diets and distilled water ad libitum for 6 or 8 weeks. Half of the
rats in the 1.0% biotin and pair-fed groups were fed for 8 weeks, while the others were fed for 6
weeks. The temperature in the animal room was maintained at approximately 22°C with 60%
humidity and a 12 h light/dark cycle (lights on between 9:00 -21:00). Body weights and food intakes
were measured every week. Urine samples and feces over 24 h periods were collected every other
week and stored at -40°C until analyzed. The rats were anesthetized and killed after 6 weeks or 8
weeks of feeding (on day 42 or day 56, respectively). Bl ood was collected, centrifuged for 15 min
at 800 × g, and serum was stored at -40°C before use. The liver, kidneys, brain, testis, and spleen
were sampled and weighed.
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All experimental procedures including the care and treatment of rats described in this s tudy
were approved by the Institutional Animal Care and Use Committee of the School of Human Science
and Environment, University of Hyogo.

4.2.2 Sampling
Samples of feces were dried at 70°C in a forced -air oven, weighed, and crushed into powder.
1 g of each sample was added to 9 mL of distilled water, mixed well, centrifuged for 10 min at 800
× g, and the supernatant was then collected. To measure biotin contents in the organs, the liver and
testes were homogenized with a sodium phosphate buffer (pH = 7.4 ). After centrifuging at 3,000
rpm, the supernatant was collected.

4.2.3 Biochemical analysis
Biotin contents in the serum, organs, urine, and feces were determined using a microtiter plate
by the microbiological assay with Lactobacillus plantarum ATCC 8014. L. plantarum was cultured
with samples for 20 h and determined at 610 nm. As biotin in organs is partially contained in a
protein-binding form, total and free biotin were separately determined. To determine total biotin,
100 µL of the sample solution was hydrolyzed with 2.25 M H 2 S0 4 for 121°C (2 atoms) for 60 min
and neutralized with 4.5 M NaOH. Free biotin was determined without hydrolysis. Biotin
concentrations were expressed as nmol/g of the protein. Total protein contents in the organ sample s
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were assayed by the Bradford method using a commercial kit (Bio-rad Laboratories, California,
USA).
To measure testosterone levels, the testes were homogenized with six volumes of 0.01 M
phosphate buffered saline, and testosterone was then extracted from 1 mL of the homogenate with
a diethyl ether. Samples were then reconstituted in 1 mL of an enzyme immunoassay (EIA) buffer
and testosterone levels were determined using a Testosterone EIA kit (Cayman Chemical Company,
Michigan, USA).

4.2.4 Histological and morphological analyses
The testes were fixed in a 10% neutralized formalin solution, cut into 5 µm sections, placed
on glass slides, and stained with hematoxylin -eosin for the histological examination of early
spermatogenesis. The diameter of the seminiferous tubules was also measured under a microscope
at 80× magnification. To detect apoptotic cells in situ at the single cell level, testicular sections
were treated using the TUNEL method ( Apop-Tag Peroxidase In Situ Apoptosis Detection Kit,
Chemicon International, Massachusetts, USA).
The left cauda epididymis was gently minced in a physiological saline solution at 37°C in
order to prepare a sperm suspension for determining the sperm count and sperm morphology. Sperm
preparations for the sperm morphology were smeared on a slide glass and air dried it, before it was
fixed in Carnoy’s solution for over an hour, and then stained for 30 min in 1% eosin Y. Sperm
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preparations for the sperm count were fixed with 10% formalin. The sperm count was assessed
using a Bürker-Türk haemocytometer. Abnormalities in the shape of sperm were classified
according to the criteria described by Mori 104 and Wyrobek et al. 105 with slight modifications 106 .
The analysis of sperm morphology was previously evaluated as a useful metho d for screening
environmental mutagens.

4.2.5 Statistical analysis
Each value was expressed as the mean ± SD. The statistical significance was determined by
two-way ANOVA, this being followed by the Turkey’s multiple -comparison test. P < 0.05 was
considered to be statistically significant. All the analyses were performed on a personal computer
using a standard statistical package (Statcel Ver. 3, Tokyo, Japan).

4.3 Results
4.3.1 Body weight and dietary intake
No significant differences were observed in food intake or body weight between the 0.01%,
0.1% biotin, and control groups (Fig. 4 -1). However, growth was less in the 1.0% biotin group than
in the control group. Hair loss and mucosal erosion were observed i n the rats of this group after 4
weeks of feeding, and only one died over a period of 6 weeks.
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Figure 4-2 shows the organ weights of rats fed the high -dose biotin diets. The liver and spleen
weights were significantly lower in the 0.01% biotin group than in the control group. The kidney,
brain and testis weights were significantly lower in the 1.0% biotin group than in the pair -fed group.
There is no statistically significant difference between the control and 0.1% biotin group.

4.3.2 Biochemical findings
The biotin contents in the testis and liver are shown in Fig. 4-3. Regarding the biotin content
in the liver, both total and free biotin contents increased with biotin intake. However, the content
of the protein-binding form of biotin in the liver did no t change. In the liver, over 96.0% of total
biotin in the control group, and 69.0, 38.0, 24.6, and 99.3% in the 0.01, 0.1, 1.0% biotin, and pair fed groups, respectively, existed in the protein -binding form. On the other hand, biotin contents in
the testes also increased with an increase in the intake of biotin. Over 90% of total biotin in the
testes in all the biotin groups existed as the free form of biotin.

4.3.3 Morphological and histological findings
The number of sperm in the caudal epididymis in rats was examined. An examination of sperm
revealed that the sperm count was 34 ± 25×10 6 /mL in the pair-fed group, while that in the 1.0%
biotin group was less than 1 sperm/mL. The morphological analysis of sperm revealed a significant
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increase in the number of sperm with an abnormal head, mainly round heads, in the 1.0% biotin rat
(Fig. 4-4).
The histological analysis showed that only a few s permatogonia and no spermatocytes existed
in the 1.0% biotin group (Fig. 4-5). The diameter of the seminiferous tubules was 230.0 ± 24.5 µm
in the 1.0% biotin group, which was significantly lower than that in the pair -fed group (342.5 ±
26.3 µm) (Fig. 4-6). These results indicated that the diameter of the seminiferous tubules in the
spermatogenic epithelium of the 1.0% biotin group was affected by the administration of a high
dose of biotin. Apoptosis was not observed in the testes of the pair -fed and 1.0% biotin groups. No
significant differences were observed in testosterone levels in the testes among the groups ( Fig. 47).

4.4 Discussion
A number of studies reported that some factors, such as nutrients 107 , stress 108 , and
temperature 109 , are involved in the regulation of spermatogenesis. Vitamins have an important role
in the production of spermatozoa. For example, a deficiency in the water-soluble vitamin, vitamin
B 12 , was shown to induce histological changes in the testes of rats, resulting in aplasia in sperm 110113

. A vitamin C deficiency also disturbs spermatogenesis; therefore, the dietary prescription of

vitamin C has been shown to protect germ cells from oxidative stress throughout spermatogenesis
in humans 7 . Fat-soluble vitamins have also been associated with the endocrinological function and
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development of the testes. A previous study demonstrated that a vitam in D deficiency significantly
reduced the mating ratio in rats, resulting in a low reproductive capacity 1 . A vitamin A deficiency
in rats has also been shown to lead to low serum testosterone levels and suppresses the ability of
spermatogonia to differentiate 4,114-115 . On the other hand, excess vitamin A levels in rats reduced
the weight of the testes and enlarged the nuclei of spermatocytes 5 . These findings indicated that
although vitamins are essential for spermatogenesis, the mechanisms underlying the ro les of
vitamins in male reproduction remain unclear.
The importance of biotin in reproduction and prenatal development has been investigated in
experimental animals. We previously demonstrated that a biotin deficiency during gestation in mice
caused a markedly high incidence of congenital malformations such as cleft palate, micromelia,
and micrognathia in fetuses 37-39,66-67 . On the other hand, the acute dose of biotin (25 mg/kg b.w. at
morning and evening for one day or two consecutive days by subcutaneous injection) to rats during
pregnancy inhibited fetal and placental growth and increased the resorption of fetuses and
placentae 88,100 . Báez-Saldaña et al. 116 also reported that the oral administration of biotin (16.6 mg/kg
b.w./day for 8-9 weeks) decreased the number of primary and Graafian follicles in mice. We
previously reported that a 1.0% biotin diet affected the growth of young mice 49 . Based on the
findings of these studies, we speculated that high doses of biotin may affect reproduction in males.
In the present study, we concluded that an extremely high -dose of biotin, representing a 1.0% biotin
diet, caused death and affected the testicular system. The testis weights in rats fed the 1.0% biotin
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diet were lower than those in the other groups. Furthermo re, the 1.0% biotin diet increased the
incidence of sperm with morphologically abnormal shapes and inhibited spermatogenesis in rats.
Spermatogenesis is primarily dependent on testosterone, which has been linked to cell division
and cell growth in spermatogenesis. Paulose et al. 117 previously demonstrated that testicular and
serum levels of testosterone were decreased in biotin -deficient rats. Thus, in addition to
testosterone and follicle-stimulating hormones (FSH) for normal interactions in Leydig cells,
Sertoli cells, and peritubular cells, biotin may be required in testicular development such as meiosis
and sperm maturation. In the present study, we observed that the testicular level of testosterone was
not significantly decreased in the 1.0% biotin rat s. Veeramachaneni et al. 118 suggested that
testosterone may not affect spermatogenesis directly. Song et al. 119 demonstrated that the
modification pattern of histone H3 was subjected to dynamic changes and specific to a certain stage
of germ cell differentiation during mouse spermatogenesis. Epigenetic effects on testicular function
and spermatogenesis represents a new study field. Recently, a novel posttranslational modification
has been identified: covalent binding of biotin to lysine residues in histones 30 . Biotinylation of
histones plays a role in cell proliferation, gene silencing and cellular response to DNA damage.
Low levels of histone biotinylation have been linked to increased frequency of retrotransposition
events, suggesting a role for histone bi otinylation in chromosomal stability 120 . Thus, these findings
indicated that changes in histone biotinylation levels in high -dose biotin added rat may affect
spermatogenesis. The biotin content was increased in the organs in the present study as the amount
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of biotin administrated exponentially increased. Therefore, the accumulation of free biotin in the
testes may be associated with the inhibition of reproduction in males. Further studies are needed to
clarify the mechanism by which biotin interferes with s permatogenesis.
No sperm was also detected in the caudal epididymis in rats in our other study, and
multinucleated giant cell and apoptosis -like cell death in the spermatogenic epithelium of the
seminiferous tubules was histologically detected even in the 0.5% biotin group (unpublished data).
Thus, spermatogenesis may be inhibited at a dose level lower than 1.0% as well. We intend to
examine doses between 0.1 and 1.0% and incorporate the measurement of sperm production and
storage with sperm quality and other biochemical parameters in order to clarify the threshold level
of biotin for spermatogenic inhibition. Furthermore, a recovery test is needed to determine whether
biotin-induced effects are reversible.
In conclusion, this is the first study to show that dietary high-dose biotin intake affected
reproduction in males and inhibited the maturation of spermatogenic cells. We selected a high -dose
of biotin because the purpose of this study was to characterize a new function of biotin in
reproduction in males. However, the results of the present study were obtained from a limited
number of rats. Therefore, further studies are needed using a larger number of animals and other
species. A high dietary dose of biotin may lead to some adverse effects in humans; howev er, the
dose used in the present study was too large to determine the No observed adverse effect level
(NOAEL) and the lowest observed adverse effect level (LOAEL), and setting UL for biotin may be
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important for preventing such dietary biotin -induced adverse effects. Therefore, more definitive
experiments are required before setting UL for biotin.
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Fig. 4-1 Effects of dietary high-dose biotin on food intake (A) and body weight (B) .
Each value is expressed as the mean ± SD (n=5 -6). A different superscript letter means significant
difference at p < 0.05.
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Fig. 4-2 Effects of dietary high-dose biotin on organ weights in rats.
Each bar represents the mean ± SD. A different superscript letter means significant difference at p
< 0.05.
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Fig. 4-3 Effects of dietary high-dose biotin on biotin contents in the testis (A) and liver (B).
Each bar represents the mean ± SD. A different superscript letter means significant difference at p
< 0.05.
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Fig. 4-4 Effects of dietary high-dose biotin on sperm morphology.
Sperm preparations were stained in 1% eosin Y. An analysis of the sperm morphology was evaluated
as a useful method for screening environmental mutagens. (A) Sperm heads in the pair-fed group.
(B) Sperm heads in 1.0% biotin group were ab normally rounded.
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Fig. 4-5 Effects of dietary high-dose biotin on the testes in rats.
The testes were collected on the last day of the experiment. Testes were stained with hematoxylin
and eosin in the pair-fed group (A) and 1.0% biotin group (B). S, Sertoli cells; Sg, spermatogonia;
Sc, spermatocyte; St, spermatid and L, Leydig cells. Scale bar = 100 µm.
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Fig. 4-6 Effects of dietary high-dose biotin on seminiferous tubule diameter in rats.
Each bar represents the mean ± SD. *P < 0.001, compared with the pair-fed group.
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Fig. 4-7 Effects of dietary high-dose biotin on the testicular testosterone level in rats.
Each bar represents the mean ± SD.
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Chapter 5. Conclusion
To clarify the effects of low and excess biotin intake on female and male reproduction in
rodents, three studies were performed. The first study examined whether low intake of biotin during
pregnancy affects the expression of any gene that plays an importa nt role in maintaining biotin
homeostasis in mice (Chapter 2), the second study examined whether the excess intake of biotin
(0.01% to 1.0%) affects early growth in young male rats (Chapter 3) and the third study investigated
the biochemical and histological effects of the excess intake of biotin (0.01% to 1.0%) on cell
growth and sperm maturation during spermatogenesis in male rats (Chapter 4).
Numerous studies have shown that biotin is essential for reproduction and fetal development
in mammals 37-39 . However, the relationship between biotin and fetal development is not well known.
As described in chapter 2, the first study demonstrated that the expression of SMVT was
significantly increased at mRNA and protein levels in the placenta of the biotin -deficient group.
We confirmed that low intake of biotin during pregnancy changes SMVT gene and protein
expression. These results demonstrate that maternal biotin deficiency may be associated with biotin
transporter upregulation accompanied by the abnormal develo pment of fetuses.
The risks associated with the excess intake of biotin have not yet been established in healthy
humans. As described in chapter 3, a second study demonstrated that excess intake of biotin (more
than 0.08% biotin/kg diet) retarded the growt h of young male rats. Additionally, testis weights in
the rats fed diets containing more than 0.5% biotin were lower than those in the control. These
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results indicate that the excess intake of biotin may affect testicular function.
On the basis of the results of the second study, we focused on the effects of the excess intake
of biotin on male reproduction. The importance of biotin in reproduction and fetal development has
been investigated in experimental animals 37-40,66-67 . However, it remains unknown whether
excessive amounts of it can affect reproduction in male animals. As described in chapter 4, the third
study showed that the excess intake of biotin (1.0%) caused reductions in the numbers of mature
sperm and spermatogonia. We thus confirmed that the e xcess intake of biotin inhibits
spermatogenesis. Additionally, epigenetic effects on testicular function and spermatogenesis have
recently been reported 119 . These results indicate that biotin may play a role in the epigenetic effects
in male reproduction, mediating the biotinylation of histone.
In conclusion, we demonstrated that a low level of maternal biotin intake changes the
expression of SMVT in the placenta and the excess intake of biotin inhibits spermatogenesis. These
results indicate that biotin may play a role in the epigenetic effects in female and male reproduction,
mediating the biotinylation of histone. We confirmed that biotin is essential for reproduction and
development in both males and females, but its excess intake may adversely affect th e reproductive
system. Further study is needed to determine the recommended intake of biotin for pregnant women
and to set a tolerable upper intake level for it.
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