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ABSTRACT

In mammalian skeletal muscle there are four car-
boxylases involved in several biochemical processes
like gluconeogenesis, tricarboxylic acid cycle anaple-
rosis, metabolism of fatty acids and metabolism of
various amino acids. It has been shown that biotin
deficiency reduces body weight at the expense of mus-
cular mass. When necessary, the liver uses skeletal
muscle protein to provide glucose and amino acids to
organs in need of such compounds. In this paper we
analyzed carboxylase specific activities in hind limb
skeletal muscle of 3 weeks old BALB/c male mice, at 0,
1, 4, 7, and 14 days of a specific diet with different
biotin concentrations. Biotin was used at 0.0, 1.8 or
98.2 mg per kg of food; and was referred to as biotin
deficient, sufficient and supplemented, respectively.
Water and food supply and consumption by the three
groups of mice were the same. Therefore, the ob-
served effects were directly related to biotin ingestion.
The body weight of biotin supplemented mice was the
same as the body weight of mice in the biotin suffi-
cient group, while biotin deficiency caused body
weight reduction after 7 days of biotin depletion. We
found that the total protein concentration in the vas-
tus lateralis muscle is associated with the biotin con-
tent in the diet. After 7 days, the muscle total protein
content was lower in mice of the biotin deficient
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group while it was higher in the mice from the biotin
supplemented group (P < 0.001). Of the four analyzed
enzymes, only pyruvate carboxylase specific activity
was reduced in both cases: by consuming the supple-
mented diet and by the lack of this vitamin. Our data
show that PC and muscle metabolism are differen-
tially altered by both, biotin excess and biotin defi-
ciency. The mechanisms of these effects are currently
under investigation.
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1. INTRODUCTION

Biotin or vitamin B7 is a water soluble, essential vitamin
in mammals. It acts as a prosthetic group of 5 carboxy-
lase enzymes of the intermediary metabolism of carbohy-
drates, fatty acids and amino acids. Once synthesized, the
apocarboxylases (inactive enzymes) are converted into
holocarboxylases by the action of holocarboxylase syn-
thetase. This enzyme covalently binds biotin with a spe-
cific lysine at the active site of apocarboxylase [1]. It is
proposed that upon reaching its useful life in the cell, ho-
locarboxylases (active enzymes) are degraded into bio-
tinylated peptides or biotin-lysine dimers, which are fur-
ther hydrolyzed by biotinidase, releasing free biotin that
could be reused by the holocarboxylase synthetase [2].
Acetyl CoA carboxylase (ACC) is an enzyme that ca-
talyzes the carboxylation of acetyl-CoA to form malonyl-
CoA. There are two forms of this enzyme: ACC1 and
ACC2. The ACCI isoform is expressed mainly in the
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cytosol of cells from lipogenic tissues such as liver, adi-
pose tissue and mammary gland [3]. This malonyl-CoA
is intended to synthesize fatty acids by donating C2 units
for the elongation process [4]. ACC2 is primarily found
in heart and skeletal muscle, where it is associated with
the external mitochondrial membrane [5]. This enzyme
also produces malonyl-CoA. By its location, ACC2 is
associated with and inhibits carnitine palmitoyl transfe-
rase I, thus preventing the regulation of f-oxidation [6].

f-methylcrotonyl-CoA carboxylase (MCC) is located
in the mitochondrial matrix and catalyzes the carboxyla-
tion reaction of 3-methylcrotonyl-CoA to form 3 methyl-
glutaconyl-CoA, which is an intermediate product in leu-
cine catabolism [7]. Propionyl-CoA carboxylase (PCC)
acts on propionyl-CoA to form methylmalonyl-CoA, a
substance involved in the f-oxidation of the odd-chain
fatty acids. PCC also participates in isoleucine, valine,
threonine and methionine catabolism [8]. Pyruvate carb-
oxylase (PC) is the enzyme responsible for catalyzing the
reaction of pyruvate to oxaloacetate. Oxaloacetate is the
first reaction substrate for gluconeogenesis, and is also
used for Krebs cycle anaplerosis [9,10]. PCC and PC are
also located in the mitochondrial matrix.

Congenital errors have been described that contain low
carboxylase activity of all or one of these enzymes. Mul-
tiple carboxylase deficiency (MCD) is a disease that is
characterized by errors in the metabolism of all the bio-
tinylated enzymes and can occur in neonatal or juvenile
forms. Clinically these two congenital errors are expressed
as a metabolic failure with severe ketoacidosis, accom-
panied by hyperammonemia, lactic acidosis and hypo-
glycemia sometimes [11]. The early or neonatal DMC is
an autosomal recessive disorder caused by a dysfunction
of the holocarboxylase synthetase; and late or juvenile
DMC is caused by a genetic disorder that involves the
synthesis of inactive biotinidase blocking the availability
of free biotin for the formation of holocarboxylases [12].

Biotin deficiency in animal models is induced by a
biotin free diet and raw egg white as the sole source of
protein [1,13]. Egg white contains a tetrameric glyco-
protein called avidin capable of sequestering biotin in a
1:4 ratio [1,14]. The avidin biotin complex is not degraded
by the enzymes of the digestive tract in mammals, pro-
ducing the vitamin deficiency [13,15]. The specific acti-
vity of carboxylases in the liver is the best biochemical
indicator of the nutritional status of biotin. Liver is the
organ with highest carboxylases concentration. In biotin-
deficient mice, liver PCC and PC activities decrease by
80% [13]. In rat skeletal muscle [16,17] and human
muscle [18] it has been shown that the specific activity
of ACC decreases progressively due to muscle contrac-
tion and in response to exercise intensity [16]. This re-
duction in activity is due to the phosphorylation of ACC,
which holds priority, and is independent of the activation
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of this enzyme by citrate [17].

It has been shown that biotin deficiency reduces body
weight in all animal models so far studied [1], and that
this loss is mostly at the expense of muscular mass [13,
19]. When necessary, the liver uses skeletal muscle pro-
tein to provide glucose and amino acids to the brain and
the immune system components [20]. Since carboxylases
play an important role in intermediate metabolism, in this
study we followed the carboxylases specific activity
through time in the vastus lateralis muscle of mice fed
for two weeks with diets containing different biotin con-
centrations.

2. MATERIALS AND METHODS
2.1. Murine Experimental Model

The procedure that was performed is the same as the one
established previously [13,19,21]. We used 39 three
weeks old male mice of BALB/c strain obtained from the
animal facility of the Instituto de Investigaciones Biomé-
dicas (IBB) of the Universidad Nacional Auténoma de
Meéxico. Mice were maintained with microbiological bar-
riers in 12-hour cycles of light and dark, and water and
food were provided ad libitum. All animals were handled
according to the guidelines of the Internal Committee for
the Care and Use of Laboratory Animals of the IIB
(www.biomedicas.unam.mx). Upon receipt, mice were
accommodated into three groups so that their average
body weight and dispersion were equal.

Each group was given one of the following diets:
Harlan™: sufficient (Cat. TD 06681), deficient (Cat. TD
06682) or supplemented (TD 96075) containing 1.8, 0.0
and 98.2 mg of biotin available per kg of food (control,
deplete, and pharmacologic dose, respectively). With the
exception of biotin, all other ingredients were the same,
including the 30% of solids from dry egg white as the
sole source of protein. The detailed composition of the
diets was published previously [21]. At 1, 4, 7 and 14
days of the experiment, specific carboxylase activities
were measured in the skeletal muscle of 3 mice from
each group. To determine the initial parameters of the
batch, three mice were sacrificed at the time of receipt
(time 0).

2.2. Food and Water Consumption

Registration of food and water consumption was per-
formed 3 times per week and the specific consumption
(Cy) of food or water calculations were performed using
the following formulas:
Cd:(Al Af)’ CYZQ
n*d P
where C, is the consumption per mouse per day, 4; is the
offered food or water, 4y is the remaining food or water,
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n is the number of mice per group, d are the days elapsed
and P is the average weight of the mice in the group.

2.3. Obtaining Skeletal Muscle

The day of the experiment, each mouse was sacrificed by
cervical dislocation. The vastus lateralis muscle of each
hind limb was dissected according to Walker and Hom-
berger, 1997 [22]; they were immediately frozen in liquid
nitrogen and then stored at —80°C until analysis.

2.4. Muscle Homogenization

The whole procedure was made in an ice bath. With PRO
200 homogenizer set at intensity 3, the muscle was ho-
mogenized (1:4 w/v) in a solution containing 290 mM
sucrose, 11.57 mM tricine, 0.058 mM disodium EDTA
and 5.78 mM sodium citrate at pH 7.5. Four sessions of
30 seconds each were conducted with 1 minute rest in
between. An aliquot of the homogenate was diluted 1:6
with lysis buffer (50 mM tricine and 0.025 mM disodium
EDTA pH 8.0) to disrupt the cells with Ultrasonic Pro-
cessor GE130PB using 3 sets of 30 pulses at 60 MHz for
0.5 seconds, sandwiching 1 minute rest between each set.
Tissue suspension was centrifuged in an Eppendorf
5415R centrifuge at 12,000 rpm for 1 minute at 4°C and
the supernatant was recovered to measure the carboxy-
lase activity. Protein concentration in this preparation
was determined in triplicate with the reagent from Bio-
Rad cat. 43622A using the method of Bradford [23],
adapting to 96-well microplates in which the absorbance
was measured at 595 nm with a Biotek EL808 reader.

2.5. Radioenzymatic Assay

Immediately after preparing the skeletal muscle homoge-
nate, carboxylases specific activities were quantified us-
ing the radioenzymatic method previously described for
liver and spleen [13] and for thymocytes [21]. This pro-
cedure uses NaH'*COj; as substrate that forms '*C radio-
active products that are quantified by a liquid scintilla-
tion counter. For determining the MCC, 10 pL of the ho-
mogenate was mixed with 10 pL of a reaction mixture
that resulted in a basis incubation solution that contained
10 mM NaH'"CO; (15.53 DPM/pmol), 100 mM tricine,
6 mM magnesium acetate, 50 mM potassium acetate, 3.3
mM ATP, 2.5 mM reduced glutathione, pH 8.0, plus 2.4
mM pS-methylcrotonyl CoA, final concentration. For mea-
suring the PCC activity the coenzyme used was 2.4 mM
Propionyl CoA. For the ACC activity analysis, the re-
action mixture contained the basis incubation solution
plus 0.245 mM acetyl CoA, 10 mM citric acid and bovin
serum albumin (final incubation concentration 93.75 mg/
L). For PC activity determination, the mixture based re-
action contained 0.9 mM acetyl CoA, citrate synthase
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and pyruvic acid (final incubation concentration of 23.25
U/mL and 4.5 mM, respectively). Reaction blanks for
each enzyme were prepared identically without their cor-
responding coenzyme.

ACC reactions were incubated for 3 min at 37°C, the
MCC ones for 3 min at 30°C and the PCC and PC for 10
min at 30°C. At the end of the incubation period, all the
reactions tubes were vertically set in an ice bath and then
placed in a fume hood of air in order to add 20 puL of
30% formic acid. The resulting 40 pL was transferred to
scintillation vials and each tube was washed with another
40 pL of 30% formic acid (which were added to the cor-
responding scintillation vial). The reaction products in
the vials were evaporated to dryness in a fume hood of
air for 15 hours, and then resuspended in 0.5 mL of
milliQ water and 2.5 mL of OptiPhase HiSafe 3 scintilla-
tion fluid (Perkin Elmer 1200 - 437). The radioactivity of
the samples was measured in a Beckman scintillation
counter LS 6500.

To calculate the specific activity of the enzymes, the
following formula was used:

DPM._ [ 1000 )

. . bicarbonate activity
Specific Activity =

min,, ., (ug protein)

2.6. Statistical Analysis

Data were analyzed with the 2 way ANOVA test using
the Sigma Stat 3.10 software and they were considered
statistically significant when P < 0.05. Post hoc testing
conducted for protein concentration in skeletal muscle
was Bonferroni and Tukey for body weight and specific
activities of carboxylases, respectively.

3. RESULTS
3.1. Body Weight

The body weight gain in the deficient mice group was
lower from day 7 of study, while consumption of phar-
macologic doses of biotin did not affect this parameter
(Figure 1). It was observed the characteristic effect of
biotin deficiency on decrease body growth [13,19,21,24],
while no modification of this parameter in biotin supple-
mented mice, as compared with sufficient group. The last
results coincide with previous reports [24].

3.2. Food and Water Consumption

The quantity of ingested food and water was not affected
by the presence of biotin in the food. The specific con-
sumption of water and food during the 2 weeks of the
experiment was calculated according to the formulas pre-
sented in Section 2.2 and data is shown in Table 1. It
should be noted that due to experimental design, a single
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data is documented per hosted group session in a box, so
the average value of all data recorded during the study is
presented. The food intake trend for this work is similar
to that of previous reports [19,24]. With regards to water
consumption, this is the first report.

Based on measured food consumption and the biotin
content available in each of the diets [24], the amount of
vitamin intake was calculated. Mice in the sufficient
group consumed 0.005 + 0.001 mg of biotin/day “‘mouse;
and in the supplemented group 0.247 + 0.034 mg of bio-
tin/day ‘mouse. Values correspond to the ratio of the bio-
tin content in each diet (1:49).

3.3. Total Protein Concentration in Skeletal
Muscle

The total protein concentration in the vastus lateralis mus-
cle is associated with the biotin content in the food. After
7 days, the total protein content was lower in the vastus-
lateralis muscle of biotin deficient mice, whereas in the
vitamin-supplemented mice it was higher (Figure 2, P <
0.001).

3.4. Specific Activity of the Carboxylases

The range of carboxylases specific activity in the skeletal
muscle of mice of the sufficient group is shown in Table
2. These values were consistent with those reported for
rat skeletal muscle, where the specific activity of the
ACC was 0.38 + 0.06 nmol '*CO, fixed/min “mg protein
[17] whereas those of PCC and PC were of 13.1 + 5.0
and 3.4 £ 1.9 nmol '*CO, fixed/min “mg protein (mean =+
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Figure 1. Body weight of mice of the 3 experimental groups.
Values are expressed as mean + SEM. P < 0.001 deficient vs.
sufficientand supplemented.

Table 1. Food and water consumption along 2 weeks of study
(mean = SEM).

SEM), respectively [25]. It is noteworthy that to our
knowledge, this is the first study that measures the MCC
activity in skeletal muscle.

Of the four enzymes analyzed in vastus lateralis mice
muscle, only PC specific activity was reduced under both
biotin conditions: the use of pharmacological doses of
biotin, and the biotin depleting diet (Figure 3(d)). After
4 days of experimentation, the deficient and supplemen-
ted groups showed smaller PC activity than mice fed
with the sufficient diet. At 14 days it was recovered in
the supplemented group, while in the deficient group it
got more exacerbated (P < 0.001). The time course of the
enzymatic activities of ACC, MCC and PCC, although
not significant, showed the same trend from day 7 (Fig-
ures 3(a)-(c)).

4. DISCUSSION

The study described herein addresses for the first time
the analysis of the four biotinylated enzymes that are
active in the intermediary metabolism in skeletal muscle.
Furthermore, it examines the response of these carboxy-
lases to food consumption that contains different concen-
trations of biotin.

Because the specific consumption of water and food
was the same in the three experimental groups, all results
presented in this paper were caused exclusively by the
amount of biotin ingested. This vitamin was the only in-
gredient in the three diets, present at varying concentra-
tions; macro and micronutrient concentrations were not
changed.

Total Proteins (mg/g)

01 2 34 56 7 8 910 1112 1314 15
Time of study (days)

—&— Deficient —8— Sufficient —&— Supplemented

Figure 2. Total protein content in the squeletal muscle (mean +
SEM). “P < 0.001 sufficient vs. deficient and supplemented.

Table 2. Specific activities range of carboxylases acting on the
vastus lateralis muscle of mice fed during 2 weeks with biotin

Diet (z/day ‘mouse) ~ Water (mL/day “‘mouse) sufficient diet.
Deficient 248+0.51 3.88+1.16 Sufficient Group (**CO, nmol fixed/min “mg protein)
Sufficient 2.86 £0.65 5.51+£0.78 ACC MCC PCC PC
Supplemented 2374034 6.37+0.87 02-04 1.1-22 28-6.3 2.0-7.7
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Figure 3. Specific activities of carboxylases (**CO, nmol fixed/min
‘mg prot) in mice skeletal muscle. (a) Acetyl-CoA carboxylase; (b)
Methylcrotonyl-CoA carboxylase; (c) Propionyl-CoA carboxylase; (d)
Pyruvate carboxylase. "P < 0.05 sufficient vs. deficientand supple-
mented. "'P < 0.05 deficient vs. sufficient and supplemented (mean =
SEM).

Skeletal muscle is the most abundant tissue in the
body and one of the most important places in which the
metabolic activity of an individual takes place. It consti-
tutes almost 50% of total body weight and contains be-
tween 50% and 75% of total protein [26]. These proteins
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upon catabolism are a large source of amino acids for
energy production as well as fuel to critical organs such
as the liver, which in turn, provides energy and maintains
acute phase proteins synthesis to the brain, heart, lung
and immune system cells [27].

The results presented for the group fed with the suffi-
cient diet corroborate that this composition covers all re-
quirements for the proper development and metabolism
of mice [13,19,21,24]. Thus, it can be said, that the acti-
vities of carboxylases in the skeletal muscle of the suffi-
cient group shown in this study, can serve as a reference
for normal conditions and intakes, especially for mito-
chondrial carboxylases. It should be noted that these
enzymes haven’t been studied extensively in skeletal
muscle so far, despite the high content of mitochondria in
this tissue. It is within mitochondria where MCC, PCC
and PC reactions take place.

Among carboxylases, the cytoplasmic enzyme ACCI1
in skeletal muscle is the one that has been mostly studied
[16-18]. ACC activity was not altered by the amount of
biotin ingested, indicating that the fatty acid metabolism
is neither affected during two weeks of consumption of
deficient, sufficient or supplemented diets. By molecular
biology methods, the two ACC isoforms (ACCl and
ACC2) have been identified in skeletal muscle, being
ACC2 the predominant one in this tissue [4,28]. Other
studies that have measured the ACC activity in this tissue
report the sum of the two isoenzymes [16-18]. There was
no separation of the two isoforms in our study either.

The PCC reactions that enable the use of odd-chain
fatty acids and branched chain amino acids for the pro-
duction of both glucose and energy [29] were not af-
fected by the lack or excess of biotin in the diet for a 2
week period. In these groups, the PCC specific activity
values were similar to the muscle in biotin sufficient
mice.

Several studies have shown that protein synthesis in
skeletal muscle is regulated by leucine and insulin [30-33]
and it is this tissue the one that mostly degrades the
leucine [34,35]. The procedure applied in this work did
not affect the activity of MCC suggesting that leucine
metabolism is not affected. Therefore the increase in pro-
tein muscle concentration by the supplemented group,
may be caused by the action of biotin on insulin produc-
tion, since it has been observed that biotin stimulates the
release of insulin [36-38].

The poor weight gain by biotin deficient mice is cha-
racteristic of this condition and occurs mainly at the ex-
pense of muscle mass [13,19,21,24]. It is worth noting
that it is associated with a reduction in the total muscle
protein concentration (this study). These results may be
due to an inhibition of protein synthesis and/or an in-
crease in protein degradation. Therefore studies to eluci-
date between these possibilities are required. Although
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the total protein concentration is nonspecific, it is used to
calculate the specific activities of the carboxylases. Con-
sidering the magnitude of these ratios (mg protein/g mu-
scle vs. nmol"* CO, fixed/min *mg protein) and the fact
that only PC activity is altered by excess or deficiency of
biotin consumption, we propose two possible mechan-
isms to explain the poor gain weight: a) disturbance of
PC metabolism and b) a non-prosthetic and direct action
of biotin. It has been shown that biotin deficiency re-
duces the levels of IGF-I in serum [19]. This factor is

known to induce cell proliferation in skeletal muscle [39].

It is possible as well that biotin deficiency also decreases
the IGF-I metabolism in the muscle, explaining the effect
on the body weight and the amount of protein in the
muscle of the deficient mice.

In recent years it has been considered that supple-
mentation with pharmacological doses of biotin also leads
to endocrine, systemic, and metabolic actions [24,40-41].
To our knowledge, there are no reports exploring the
effect of biotin on vastus lateralis muscle carboxylases.
Here we demonstrate that supplementation with biotin
specifically alters PC activity in skeletal muscle and in-
creases the total protein concentration in this tissue with-
out affecting body mass. Since it is known that PC acti-
vity is reduced in the liver in biotin deficient mice [13], it
was expected the same effect in skeletal muscle, but not
in the supplemented group. Our results indicate that phar-
macological doses of biotin produce an energy metabol-
ism alteration. Under normal conditions, the presence of
PC in skeletal muscle is related to the Krebs cycle ana-
plerosis [10,25]. In this tissue, there is truly a constant
input and output of tricarboxylic acid cycle intermediar-
ies, which accumulate in metabolic conditions such as dia-
betes. The lower activity of PC in supplemented mice
can explain the hypoglycemic effect that the pharma-
cological treatment of biotin has in diabetic patients [41,
42].

Our data shows that lack or excess of biotin in the diet
can alter both, PC metabolism and general muscle meta-
bolism. At this time, other experiments are being deve-
loped to elucidate the mechanisms of these effects.
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Appendix

The abbreviations used are:

ACC, Acetyl-CoA carboxylase;

MCC, Methylcrotonyl-CoA carboxylase;
PCC, Propionyl-CoA carboxylase;

PC, Pyruvate carboxylase.
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