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Abstract: Branched-chain amino acid (BCAA) catabolism is regulated by its rate-limiting enzyme,
branched-chain «-keto acid dehydrogenase (BCKDH), which is negatively regulated by BCKDH
kinase (BDK). Loss of BDK function in mice and humans leads to dysregulated BCAA catabolism
accompanied by neurological symptoms such as autism; however, which tissues or cell types are
responsible for the phenotype has not been determined. Since BDK is highly expressed in neurons
compared to astrocytes, we hypothesized that neurons are the cell type responsible for determining
the neurological features of BDK deficiency. To test this hypothesis, we generated mice in which BDK
deletion is restricted to neurons of the cerebral cortex (BDKF™I-KO mice). Although BDKF™1-KO
mice were born and grew up normally, they showed clasped hind limbs when held by the tail and
lower brain BCAA concentrations compared to control mice. Furthermore, these mice showed a
marked increase in endurance capacity after training compared to control mice. We conclude that
BDK in neurons of the cerebral cortex is essential for maintaining normal neurological functions in
mice, and that accelerated BCAA catabolism in that region may enhance performance in running
endurance following training.

Keywords: BCAA; BDK; neuron; endurance exercise

1. Introduction

Leucine, valine, and isoleucine are branched-chain amino acids (BCAAs) and are considered
essential amino acids for mammals. BCAAs exist as free amino acids and are abundant in proteins,
providing approximately 35% of essential amino acids in indispensable muscle proteins [1]. Free BCAAs
are used as building blocks in protein synthesis as well as energy sources and nitrogen donors to
BCAA catabolic enzymes. BCAAs, especially leucine, also have signaling effects [2]. One of the
most well-known signaling functions is stimulation of protein synthesis via the mammalian target of
rapamycin complex (mTORC1) with hormonal signals [3].

Metabolism of BCAAs plays notable roles in the brain by directly or indirectly providing essential
nutrients as well as serving as components of neurotransmitters, for example, glutamate or amine
neurotransmitters including 5-hydroxytryptamine also known as monoamine serotonin [4]. BCAAs are
transported into the brain through the blood-brain barrier, mostly using system L1 and to a lesser

Nutrients 2020, 12, 2267; d0i:10.3390/nu12082267 www.mdpi.com/journal/nutrients


http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0001-7676-7476
https://orcid.org/0000-0003-4345-0768
http://www.mdpi.com/2072-6643/12/8/2267?type=check_update&version=1
http://dx.doi.org/10.3390/nu12082267
http://www.mdpi.com/journal/nutrients

Nutrients 2020, 12, 2267 2 0of 10

extent, other systems [5]. The enzymes for BCAA catabolism mediate BCAA homeostasis in the
brain [6]. In the first step of the BCAA catabolic pathway, branched-chain aminotransferase (BCAT)
reversibly transaminates BCAAs to «-ketoglutarate, generating branched-chain x-ketoacids (BCKAs)
and glutamate, and then BCKAs are irreversibly decarboxylated by branched-chain o-ketoacid
dehydrogenase (BCKDH) into branched-chain acyl-CoAs, which are eventually catabolized to
acetyl-CoA or succinyl-CoA. BCKDH is the rate-limiting enzyme of the pathway and is activated by
dephosphorylation via a mitochondrial localized 2C-type serine-threonine protein phosphatase and
inactivated by BCKDH kinase (BDK) [2]. The transamination reaction of BCAAs in the brain contributes
about one-third of the nitrogen in glutamate in vitro [7]. There are two BCAT isozymes by which
the reversible transamination is cell-specific; the mitochondrial isozyme (BCATm) is predominant in
astrocytes, while the cytosolic isozyme (BCATc) is localized in a neuron [8,9]. BCATm-deficient mice
exhibit markedly altered metabolic parameters, including increased food intake, leanness, enhanced
energy expenditure, and improved insulin sensitivity [10], but are exercise intolerant with markedly
decreased endurance to exhaustion [11]. The mutations in BCATm have been reported in patients of
hypervalinemia and hyperleucine-isoleucinemia with mild memory impairment [12]. On the other
hand, BCATc-deficient mice show enhanced T cell activation [13], but their neurological abnormalities
have not yet been reported.

Although BCATSs are expressed in both neurons and astrocytes, BCAA oxidation after the second
step occurs specifically in neuronal cells [8,9]. Inborn errors of the BCKDH complex subunits result
in maple syrup urine disease [14], and recently, BDK was also identified as a gene associated with
neurological symptoms such as autism, epilepsy, and intellectual disability in humans [15,16]. BDK null
mice (BDK-KO mice) demonstrate neurological abnormalities and epileptic seizures [17], suggesting
that regulation of BCAA oxidation via BCKDH activity is critical for normal neurological functions.
However, little is known about the site in the complex brain system where specific regulation of
BCAA oxidation accounts for neurological dysfunctions. Previously, we generated mice lacking BDK
(unrestricted BCAA oxidation) specifically in skeletal muscle and heart (BDKMXO mice). These mice
have a lower myofibrillar protein concentration in skeletal muscle and a lower level of mTORC1
activity when fed a low-protein diet [18]. They also have lower exercise endurance capacity after
training [19], which can be restored and exceeded with BCAA supplementation [20]. BDKM-KO mice
do not show any obvious neurological dysfunction, and thus, tissues other than skeletal muscle and
heart are thought to be responsible for the phenotype of BDK-KO mice. Most brain function including
cognition, movement, and consciousness is due to activity of the cerebral cortex, where the expression
of the BCKDH complex is high, especially in neurons [21,22]. Here, to elucidate which region in the
brain is important for regulation of BCAA oxidation for maintaining neurological functions, we used
mice expressing Cre under the control of the empty spiracles homolog 1 (Emx-1) locus [23] to generate
BDKE™1-KO mice, which are deficient in BDK protein in neurons of the cerebral cortex.

2. Materials and Methods

2.1. Animal Experiments

All experimental animal procedures were approved by the Animal Care Committee of the
Graduate School of Bioagricultural Sciences, Nagoya University (approved number: 2018031310)
and carried out following the relevant guidelines. Generation of Bckdk-deficient (BDK-KO) and
muscle-specific Bckdk-deficient (BDKM-KO) mice on the C57BL/6 background has been described
previously [18]. Cerebral cortex neuron-specific Bckdk-deficient (BDKF™1-KO) mice were generated
by crossing BDK-floxed mice with mice expressing Cre recombinase under the control of the Emx1
locus [23] which was provided by the RIKEN BioResource Research Center (BRC No. RBRC01345)
through the National BioResource Project of the Ministry of Education, Culture, Sports, Science and
Technology (MEXT)/ Japan Agency for Medical Research and Development (AMED). We used mice
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carrying homozygous BDK-floxed alleles as well as the heterozygous Emx1-Cre allele as BDKF™1-KO

mice, and Emx-Cre-negative BDK-floxed homozygous mice as control mice.

All mice were given free access to water and standard chow diet (CE-2, CREA Japan, Tokyo,
Japan) after weaning, and were then switched to an experimental diet (D12450] (20% protein), Research
Diets, New Brunswick, NJ, USA) at 7 to 8 weeks of age. Mice were maintained at 23 + 2 °C with a 12-h
light/dark cycle. Body weight and food intake of mice were monitored weekly. At 20 weeks of age,
all experimental mice (1 = 6 per group) were killed under anesthesia with isoflurane (FUJIFILM Wako
Pure Chemical, Osaka, Japan) after fasting for 8 h from 08:00 to 16:00. Blood samples were obtained
from the posterior vena cava with a syringe to prepare post-heparin plasma. The brains were quickly
removed, and the forebrain region was dissected. The gastrocnemius, plantaris, and soleus muscles,
liver, heart, subcutaneous and visceral adipose tissues, and kidney were excised. The dissected tissues
were rapidly frozen in liquid nitrogen and stored at —80 °C until analyses.

2.2. Western Blotting

Western blot analysis was conducted using antisera recognizing BCKDH (both the E1 and E2
subunits of the complex) or BDK as described previously [24,25]. In brief, frozen tissues were ground
into powder in liquid nitrogen, homogenized in extraction buffer, and centrifuged at 15,000 g for
15 min at 4 °C. Protein concentrations were determined using the Bicinchoninic acid protein assay
(Thermo Scientific, Waltham, MA, USA). Then, 40 pg proteins were resolved with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred onto a polyvinylidene fluoride membrane
(Millipore, Billerica, MA, USA), and detected with Western blotting using a primary antibody. Blots were
then incubated with horseradish peroxidase-conjugated secondary antibody (rabbit anti-mouse IgG
for BDK, goat anti-rabbit IgG for the E1 and E2 subunits of BCKDH complex; Bio-Rad Laboratories,
Hercules, CA, USA). Inmunoblots were developed using enhanced chemiluminescence Western
blotting detection reagents (GE Healthcare, Buckinghamshire, UK), and proteins were visualized and
quantified with the AE6962 Light Capture system (ATTO, Tokyo, Japan).

2.3. Amino Acid Profiling

For amino acid profiling of the mouse forebrain, frozen tissues were ground into powder in liquid
nitrogen, and 20-30 mg of the samples were used. For plasma BCAA profiling, 10 puL of plasma
was used. Each sample was mixed with a solvent mixture (CH3;OH:H,O:CHCl3, 2.5:1:1), followed
by addition of 10 uL of 0.5 mg/mL 2-isopropylmalic acid (Sigma-Aldrich, St. Louis, MO, USA) and
10 uL of UL-'3C,!>N (Taiyo Nissan, Tokyo, Japan) as internal standards dissolved in distilled water.
The mixture was incubated for 30 min at 37 °C in a shaking incubator and then centrifuged at 16,000 g
for 3 min at 4 °C. The supernatant was dissolved in distilled water and centrifuged at 16,000x g for
3 min at 4 °C. The supernatant was evaporated to dryness.

As the first derivatizing agent, 40 pL of 20 mg/mL methoxyamine hydrochloride (Sigma-Aldrich)
dissolved in pyridine was added and incubated for 90 min at 30 °C in a shaking incubator. The second
derivatizing agent, 20 pL of N-methyl-N-trimethylsilyl-trifluoroacetamide (GL Science, Tokyo, Japan),
was mixed and incubated for 30 min at 37 °C in a shaking incubator. The mixture was then
centrifuged at 16,000x g for 3 min at 4 °C, and the resultant supernatant was transferred to a vial
for gas chromatography/mass spectrometry (GC/MS) measurement. GC/MS was carried out using
GCMS-TQ8040 (Shimadzu Co., Kyoto, Japan) with a DB-5 capillary column (30 m X 0.25 mm i.d.; 1 pm
film thickness; Agilent ] & W Scientific, Folsom, CA, USA) as described previously [26]. The inlet
temperature was set at 250 °C, and the injection volume was 1 pL (splitless mode). The GC column
temperature was programmed to remain at 100 °C for 4 min, followed by a 10 °C min~! linear ramp
to a final temperature of 320 °C, which was held for 11 min. Helium was used as a carrier gas at a
flow rate of 1.1 mL min~!. The transfer line and ion source temperatures were maintained at 280 °C
and 200 °C, respectively. For ionization, the electron impact mode at 70 eV was used. Argon gas was
used as a collision-induced dissociation gas. Metabolites were detected using the Smart Metabolites
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Database (Shimadzu), which included the relevant multiple reaction monitoring (MRM) method file
and data regarding the GC analytical conditions, MRM parameters, and retention index used for amino
acid measurement following the report.

2.4. Assessment of Neurological Abnormalities

Neurological abnormalities were assessed by observing hind limb clasping as previously
reported [17]. Mice (n = 5-8, males, 15 weeks of age per genotype) fed either 20% or 5% protein diet
(CREA Japan Inc.) from 8 to 15 weeks old were suspended by the tail for 20 s to initiate clasping.
The score was a simple grading scale from 0 to 3 (normal, 0; moderate hind limb clasping, 0.5;
moderately severe hind limb clasping, 1; complete hind limb clasping, 2; complete hind limb clasping
and trunk-curling posture, 3).

2.5. Endurance Exercise

Animals (n = 6-26, males, 8 to 15 weeks of age per genotype) were used to measure endurance
exercise capacity. Before and after the 2-week training program described below, the mice were fasted
for 12 h from 21:00 to 09:00 before the start of the endurance exercise session to obtain stable metabolic
conditions. Mice were placed on an enclosed treadmill and then began running at 10 m min~!, and the
speed was increased by 1 m min~! every 4 min up to 20 m min~! with a 10% incline. Mice were forced
to run because an electric grid (voltage of 35 V) was placed at the end of the treadmill. Exhaustion was
defined as mice remaining on the shock grid for 5 s five consecutive times. The 2-week training
program was conducted using a treadmill with a 10% incline; mice ran for 1 h per day, 5 days per week.
The running speed was 15 m min~! during the first week and 18 m min~! during the second week.
An interval of 2 days was set between the weeks.

2.6. Statistical Analysis

Values represent the mean + standard error of the mean (SEM) or percentage, as applicable.
Statistical significance of differences between groups was measured using a two-tailed Student’s ¢-test
or Mann-Whitney test (two groups) or Dunnett’s multiple comparisons test (four groups). The time for
the endurance exercise capacity test was tabulated with the Kaplan-Meier method, and BDK-deficient
groups were compared to control mice using the log-rank (Mantel-Cox) test. Differences were
considered significant at p < 0.05. The analyses were conducted using StatView software version 5
(SAS Institute, Cary, NC, USA).

3. Results

3.1. Characteristics of Mice with BDK Deficiency in Cerebral Cortex Neurons (BDKE™1-KO Mice)

We used mice that express Cre recombinase under control of the homeobox gene, Emxl1, to delete
BDK in cerebral cortex neurons [23]. As shown in Figure 1A, BDK protein expression was reduced in
BDKF™X1-KO mjce by approximately 50% in the forebrain compared to that of the control. However,
BDK expression in skeletal muscle was not changed (Figure 1A). In previous reports, neurological
defects and growth retardation were found in global BDK-deficient (BDK-KO) mice, but not in
muscle-specific BDK-deficient (BDKM'KO) mice [17,18]. Growth rate, food intake, and tissue weights
were not significantly different between the control and BDKF™!-KO mice (Figure 1B,C; Table 1).
Compared to control mice, concentrations of valine, leucine, and isoleucine were significantly reduced
in the brain of BDKF™I-KO mice, and total BCAAs were approximately 25% lower (Figure 1D). Levels of
Trp, Tyr, Phe, and Met, which share a transporter of system L1 for transport of BCAAs and other
amino acids across the blood-brain barrier [4,5], did not differ between control and BDKE™1-KO mjce
in the brain (Table 2). Contrary to brain BCAAs, plasma BCAA concentrations were not altered in
BDKEmx1-KO compared to control mice (Figure 1E).
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Figure 1. Characterization of BDKF™1KO mice. BDK protein expression in the forebrain and skeletal
muscle (A), growth curves (B), food intake (C), and BCAA concentrations in brain (D), and plasma (E)

in control and BD

Kmel-KO

mice. Food intake is the average of weekly monitoring. Values represent

the mean + SEM (n = 3-6 per group). * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with control
values. Differences were determined using Student’s t-test. BCAA: branched-chain amino acid; BDK:
BCKDH kinase; KO: knock-out.

Kmel—KO

Table 1. Tissue weights of control and BD mice.
Tissue Control BDKEmx1-KO
g/100 g Body Weight
Brain 143 + 0.06 1.36 + 0.06
Liver 3.66 + 0.11 3.89 + 007
Kidney 1.04 + 007 1.05 + 0.04
Heart 0.38 + 0.01 038 =+ 0.02
Adipose 6.85 + 037 7.52 + 071
Skeletal muscle 1.02 + 0.02 1.04 + 0.03

Comparison of weights of tissues relative to the body weight (g/100 g) for the control and BD

mice.

Weights of adipose tissues and skeletal muscle correspond to the sum of the five regions of subcutaneous and visceral
fat pads and the gastrocnemius, plantaris, and soleus of the mice, respectively. Values represent the mean + SEM,

n = 6 per group. BDK: branched-chain a-keto acid dehydrogenase (BCKDH) kinase; KO: knock-out.
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Table 2. Brain amino acids in the control and BDKEM™1-KO mice,

Control BDKEmx1-KO
Tissue  Amino Acid nmol/g Tissue

Brain Alanine 671.7 + 119.3 745.5 + 1389
Asparate 4840.2 + 841.9 6718.5 + 9995

Glysine 956.9 + 131.8 1017.8 + 1434

Glutamate 156285 + 32871 169459 + 29416

Lysine 204.6 + 35.7 486.7 + 1822

Methionine 54.3 + 8.6 51.5 + 155
Phenylalanine 88.4 + 17.4 89.2 + 165

Proline 99.5 + 20.6 107.3 + 207
Serine 1061.3 + 162.2 1203.2 + 2097

Threonine 336.5 + 39.4 454.6 + 829

Amino acid concentrations in nmol/g brain tissue of the mice. Values represent the mean + SEM, n = 6 per group.
BDK: BCKDH kinase; KO: knock-out.

3.2. Neurological Abnormalities in BDKE™1-KO pice

BDKE™1-KO mice showed clinching of the hind limbs to the body when held by the tail at 15 weeks
of age, whereas control mice did not show such clasping, indicating an abnormality in the central
nervous system in BDKF™1-KO mice (Figure 2). The clasping score was not significantly different
between groups fed a 20% protein diet. However, when mice were fed a low-protein diet (5%),
BDKF™1-KO mice showed higher scores compared to control mice fed the same diet (Figure 2).

Control (15 weeks) BDKE™1-KO (15 weeks) 3- |:| Control
] BDKEMx1-KO
24 Ll ]
g
o
3]
(2]
14
o0 L]
0- Govess | u
20% protein diet 5% protein diet
Figure 2. Neurological abnormalities in BDKF™1-KO mice. Representative hindlimb clasping in

control and BDKF™I-KO mice, and the clasping scores of mice fed a 20% or 5% protein diet are shown.
Values represent the mean + SEM (1 = 5-8 per group). Individual results were indicated as a closed
circle (Control mice) and a closed square (BDKE™1-KO mjce). Differences were determined using
the Mann-Whitney test. BCKDH: branched-chain x-keto acid dehydrogenase; BDK: BCKDH kinase;

KO: knock-out.

3.3. Endurance Exercise Capacity in BDKE"¥1-KO Mice

Previously we showed that endurance exercise performance after training is affected by deletion
of BDK in muscle and heart [19,20]. We analyzed the running capacities of BDKF™!-KO mjce as
well as BDKMKO 3nd BDK-KO mice. Before training, untrained control, BDKM-KO and BDKE™X1-KO
mice showed a similar running time on the treadmill, but in BDK-KO mice at 15-17 weeks of age,
the time was significantly higher than in the other genotypes of mice (Figure 3A). After 2 weeks of
training, the total running time to exhaustion increased in all mice compared to the corresponding
untrained group of mice (Figure 3B). We found a considerable increase in the running time of the
trained BDK-KO as well as BDKE™1-KO 1t not BDKMKO mice, compared to the trained control mice
(p < 0.01) (Figure 3B).
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Figure 3. Endurance exercise performance in BDKF™1-KO BDKM-KO and BDK-KO mice. Running
time during endurance exercise of BDKEMx1-KO BDKM-KO  a1d BDK-KO mice compared to control
mice before (A) and after training (B). Values represent the mean + SEM; before training, n = 26 for
control, n = 16 for BDKE™1-KO 4 — 15 for BDKMKO and n = 6 for BDK-KO; after training, n = 16 for
control, 1 = 9 for BDKE®XI-KO 4, = 10 for BDKMKO, and 1 = 6 for BDK-KO. ** p <0.01 and *** p < 0.001
compared with control values. The difference was determined using the log-rank (Mantel-Cox) test
and Dunnett’s multiple comparisons test. BCAA: branched-chain amino acids; BDK: BCKDH kinase;
KO: knock-out.

4. Discussion

In astrocytes in the rodent brain, transamination of BCAAs is catalyzed by BCATm to produce
glutamate and BCKAs. On the other hand, BCATc reversibly completes the BCAA cycle to form
a-ketoglutarate and BCAAs by transfer of nitrogen from glutamate to BCKAs, which are in turn
catalyzed by the BCKDH complex expressed in neurons [8,9]. The BCAA cycle is thought to buffer
glutamate in the central nervous system to maintain normal neurological function, and thus, BCKDH
must be tightly regulated by BDK. Mutations in BDK are responsible for conditions involving
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neurological dysfunction, such as autism, epilepsy, and intellectual disability in humans and animal
models [15-17]. BDK-KO mice have markedly reduced BCAA levels in brain and serum, by about 70%
and 60% of control mice, respectively [17]. Using a conditional gene-targeting method, we demonstrated
that muscle-specific BDK-deficient mice do not exhibit any obvious neurological defects, even though
BCAAs are reduced by about 30% in plasma compared to control mice [18]. Here, we generated
BDKE™I-KO mice that are deficient in BDK only in cerebral cortex neurons. The mice showed only a
20% reduction in BCA As in the forebrain, which is less than in the brain of BDK-KO mice. However,
neurological abnormalities were found in BDKF™1-KO mice, especially in those fed a 5% protein diet
(Figure 2), suggesting that dysregulated BCAA catabolism and decreased BCAA levels only in cerebral
cortex neurons may be responsible for inducing neurological impairment.

In the present study, we also found that BDKF™1-KO mice showed increased endurance capacity
following training, but not before training (Figure 3B). However, the endurance capacity of BDKM*O
mice was similar to that of control mice after training (Figure 3B), suggesting that accelerating BCAA
catabolism in cerebral cortex neurons, but not in muscle, enhances the effect of suppression on central
fatigue by endurance exercise training. The result in BDKMXO mice disagrees with a previous study
that showed decreased endurance capacity [19]. The reasons may be due to the use of different
conditions of the endurance exercise method between the previous report and the present study
(unlimited vs. limited running speeds and fed vs. fasted states before the test, respectively) [19,20].
The capacity test with unlimited speed used in the previous work did not allow mice to eventually
catch up their speed during the test, indicating that the running distance data in the previous work
may have been determined by their abilities not only in endurance but also in their ability to run fast.
Here we limited the running speed to a maximum of 20 m min~"! to properly evaluate the endurance
capacity. As a result, the running distance in the present study was about 1.2-fold higher than the
previous data, suggesting that the BDKM™XO mice in the present study maintain their energy sources
by promoting BCAA oxidation in muscle. Furthermore, BDK-KO mice had a tremendously increased
capacity compared to control mice, even before training (Figure 3). Considering the intolerance of
endurance exercise in BCATm-deficient mice [11], these results suggest that the endurance capacity
can be enhanced by increasing BCAA oxidation in cerebral cortex neurons and/or other regions/tissues,
which may suppress central and peripheral fatigue due to running [27-29].

Although few reports have described the relationship between neurological dysfunction and
endurance performance, our results are consistent with some mice models. y-Aminobutyric acid
receptor (GABAg(y))-deficient mice, a model of epilepsy, are reported to show the enhanced locomotive
activity [30]. Calmodulin M77Q mice in which wild-type calmodulin-1 replaced by a calmodulin
containing a mimic of methionine sulfoxide at residue 77 show more active locomotion by the
neurobehavioral test and run longer in the forced treadmill test with 20% smaller body weight than
wild-type mice [31]. Overexpression of functional vesicular acetylcholine transporter gene, which leads
to consequently increased cholinergic tone, also show a marked improvement in motor endurance
with severe cognitive deficits, including attention deficits and dysfunction in working memory and
spatial memory [32]. In addition, the endurance capacity increases in the mice overexpressing the
high-affinity choline transporter (CHT), also known as solute carrier family 5 member 7 (SLC5A7),
which imports extracellular choline into presynaptic terminals, thereby increasing the synthesis of
acetylcholine [33]. Recently, brain glycogen stored in astrocyte has been reported to play a critical
part in raising neuron energy sources by increasing lactate transport during endurance exercise,
and glycogenolysis is suggested to account for a mechanism for central fatigue by inhibiting neuronal
activity [34]. Although the mechanisms on how increasing BCAA oxidation enhances the endurance
capacity remain unclear, this is the first report to reveal the specific cell type that causes neurological
abnormalities due to BDK dysfunction, which provides a positive trend to the endurance capacity.
Our findings may help generate a novel method to elevate running performance by modulating
BCAA catabolism.



Nutrients 2020, 12, 2267 90f 10

Author Contributions: Conceptualization, Y.S. and Y.K,; data curation, A.M., AW, and Y.K.; formal analysis,
AM., AW, XS, and Y.K,; funding acquisition, Y.S. and Y.K; investigation, A.M., M.Y,, RK,, and Y.K.; project
administration, Y.K.; supervision, Y.K.; writing—original draft, A.M.; writing—review and editing, AW, Y.S,,
and Y.K. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants-in-aid for scientific research (KAKENHI grant no. 17H01965, 17H03817,
20H02942) from the Japanese Ministry of Education, Culture, Sports, Science, and Technology (MEXT, Tokyo).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

Neinast, M.; Murashige, D.; Arany, Z. Branched Chain Amino Acids. Ann. Rev. Physiol. 2019, 81, 139-164.
[CrossRef] [PubMed]

Shimomura, Y.; Kitaura, Y. Physiological and pathological roles of branched-chain amino acids in the
regulation of protein and energy metabolism and neurological functions. Pharmacol Res. 2018, 133, 215-217.
[CrossRef] [PubMed]

Kimball, S.R.; Jefferson, L.S. New functions for amino acids: Effects on gene transcription and translation.
Am. |. Clin. Nutr. 2006, 83, 500s-507s. [CrossRef] [PubMed]

Fernstrom, J.D. Branched-Chain Amino Acids and Brain Function. . Nutr. 2005, 135, 15395-1546S. [CrossRef]
Hawkins, R.A.; O’Kane, R.L.; Simpson, I.A.; Vifia, ].R. Structure of the Blood—Brain Barrier and Its Role in the
Transport of Amino Acids. J. Nutr. 2006, 136, 2185-226S. [CrossRef] [PubMed]

Harper, A.E.; Miller, R.H.; Block, K.P. Branched-chain amino acid metabolism. Annu. Rev. Nutr. 1984, 4,
409-454. [CrossRef]

Yudkoff, M.; Nissim, L; Kim, S.; Pleasure, D.; Hummeler, K.; Segal, S. [I5N]leucine as a source of
[15N]glutamate in organotypic cerebellar explants. Biochem. Biophys. Res. Commun. 1983, 115, 174-179.
[CrossRef]

Bixel, M.; Shimomura, Y.; Hutson, S.; Hamprecht, B. Distribution of key enzymes of branched-chain amino
acid metabolism in glial and neuronal cells in culture. J. Histochem. Cytochem. 2001, 49, 407—418. [CrossRef]
[PubMed]

Conway, M.E.; Hutson, S.M. BCAA Metabolism and NH; Homeostasis. Adv. Neurobiol. 2016, 13, 99-132.
[CrossRef] [PubMed]

She, P; Reid, T.M.; Bronson, S.K.; Vary, T.C.; Hajnal, A.; Lynch, C.J.; Hutson, S.M. Disruption of BCATm in
mice leads to increased energy expenditure associated with the activation of a futile protein turnover cycle.
Cell Metab. 2007, 6, 181-194. [CrossRef]

She, P; Zhou, Y.; Zhang, Z.; Griffin, K.; Gowda, K.; Lynch, C.J. Disruption of BCAA metabolism in mice
impairs exercise metabolism and endurance. J. Appl. Physiol. 2010, 108, 941-949. [CrossRef] [PubMed]
Wang, X.L.; Li, C.J.; Xing, Y.; Yang, Y.H.; Jia, ] P. Hypervalinemia and hyperleucine-isoleucinemia caused by
mutations in the branched-chain-amino-acid aminotransferase gene. J. Inherit. Metab. Dis. 2015, 38, 855-861.
[CrossRef] [PubMed]

Elitsa, A.A.; Chirag, H.P; Charles, H.D.; Jonathan, D.P,; Susan, M.H. Cytosolic branched chain aminotransferase
(BCATc) regulates mTORC1 signaling and glycolytic metabolism in CD4+ T cells. J. Biol. Chem. 2014, 289,
18793-18804.

Chuang, D.T. Maple Syrup Urine Disease: It Has Come a Long Way. J. Pediatr. 1998, 132, S17-523. [CrossRef]
Novarino, G.; El-Fishawy, P,; Kayserili, H.; Meguid, N.A.; Scott, E.M.; Schroth, J.; Jennifer, L.S.; Majdi, K.;
Rehab, O.K.; Tawfeg, B.-O.; et al. Mutations in BCKD-kinase lead to a potentially treatable form of autism
with epilepsy. Science (NY) 2012, 338, 394-397. [CrossRef]

Garcia-Cazorla, A.; Oyarzabal, A.; Fort, J.; Robles, C.; Castejon, E.; Ruiz-Sala, P.; Bodoy, S.; Merinero, B.;
Lopez-Sala, A.; Dopazo, J.; et al. Two novel mutations in the BCKDK (branched-chain keto-acid dehydrogenase
kinase) gene are responsible for a neurobehavioral deficit in two pediatric unrelated patients. Hum. Mutat. 2014,
35,470-477. [CrossRef]

Joshi, M.A; Jeoung, N.H.; Obayashi, M.; Hattab, E.M.; Brocken, E.G.; Liechty, E.A.; Michael, ] .K.; Krishna, M.V,;
Ronald, C.W.; Robert, A.H. Impaired growth and neurological abnormalities in branched-chain alpha-keto
acid dehydrogenase kinase-deficient mice. Biochem. J. 2006, 400, 153-162. [CrossRef]


http://dx.doi.org/10.1146/annurev-physiol-020518-114455
http://www.ncbi.nlm.nih.gov/pubmed/30485760
http://dx.doi.org/10.1016/j.phrs.2018.05.014
http://www.ncbi.nlm.nih.gov/pubmed/29803540
http://dx.doi.org/10.1093/ajcn/83.2.500S
http://www.ncbi.nlm.nih.gov/pubmed/16470021
http://dx.doi.org/10.1093/jn/135.6.1539S
http://dx.doi.org/10.1093/jn/136.1.218S
http://www.ncbi.nlm.nih.gov/pubmed/16365086
http://dx.doi.org/10.1146/annurev.nu.04.070184.002205
http://dx.doi.org/10.1016/0006-291X(83)90985-3
http://dx.doi.org/10.1177/002215540104900314
http://www.ncbi.nlm.nih.gov/pubmed/11181743
http://dx.doi.org/10.1007/978-3-319-45096-4_5
http://www.ncbi.nlm.nih.gov/pubmed/27885628
http://dx.doi.org/10.1016/j.cmet.2007.08.003
http://dx.doi.org/10.1152/japplphysiol.01248.2009
http://www.ncbi.nlm.nih.gov/pubmed/20133434
http://dx.doi.org/10.1007/s10545-015-9814-z
http://www.ncbi.nlm.nih.gov/pubmed/25653144
http://dx.doi.org/10.1016/S0022-3476(98)70523-2
http://dx.doi.org/10.1126/science.1224631
http://dx.doi.org/10.1002/humu.22513
http://dx.doi.org/10.1042/BJ20060869

Nutrients 2020, 12, 2267 10 of 10

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ishikawa, T.; Kitaura, Y.; Kadota, Y.; Morishita, Y.; Ota, M.; Yamanaka, F; Minjun, X.; Masahito, I.; Naokazu, L;
Fuminori, K.; et al. Muscle-specific deletion of BDK amplifies loss of myofibrillar protein during protein
undernutrition. Sci. Rep. 2017, 7, 39825. [CrossRef]

Xu, M.; Kitaura, Y.; Ishikawa, T.; Kadota, Y.; Terai, C.; Shindo, D.; Takashi, M.; Miki, O.; Yukako, M.;
Kengo, I; et al. Endurance performance and energy metabolism during exercise in mice with a muscle-specific
defect in the control of branched-chain amino acid catabolism. PLoS ONE 2017, 12, e0180989. [CrossRef]
Xu, M,; Kitaura, Y.; Shindo, D.; Shimomura, Y. Branched-chain amino acid (BCAA) supplementation enhances
adaptability to exercise training of mice with a muscle-specific defect in the control of BCAA catabolism.
Biosci. Biotechnol. Biochem. 2018, 82, 896-899. [CrossRef]

Brosnan, M.E.; Lowry, A.; Wasi, Y.; Lowry, M.; Brosnan, ].T. Regional and subcellular distribution of enzymes
of branched-chain amino acid metabolism in brains of normal and diabetic rats. Can. J. Physiol. Pharmacol.
1985, 63, 1234-1238. [CrossRef] [PubMed]

Cole, ].T,; Sweatt, A.].; Hutson, S.M. Expression of mitochondrial branched-chain aminotransferase and
alpha-keto-acid dehydrogenase in rat brain: Implications for neurotransmitter metabolism. Front. Neuroanat.
2012, 6, 18. [CrossRef] [PubMed]

Iwasato, T.; Nomura, R.; Ando, R; Ikeda, T.; Tanaka, M.; Itohara, S. Dorsal telencephalon-specific expression
of Cre recombinase in PAC transgenic mice. Genesis 2004, 38, 130-138. [CrossRef] [PubMed]

Shimomura, Y.; Nanaumi, N.; Suzuki, M.; Popov, K.M.; Harris, R.A. Purification and partial characterization
of branched-chain alpha-ketoacid dehydrogenase kinase from rat liver and rat heart. Arch. Biochem. Biophys.
1990, 283, 293-299. [CrossRef]

Xu, M.; Nagasaki, M.; Obayashi, M.; Sato, Y.; Tamura, T.; Shimomura, Y. Mechanism of activation of
branched-chain alpha-keto acid dehydrogenase complex by exercise. Biochem. Biophys. Res. Commun. 2001,
287,752-756. [CrossRef]

Uji, M.; Yokoyama, Y.; Ohbuchi, K.; Tsuchiya, K.; Sadakane, C.; Shimobori, C.; Yamamoto, M.; Nagino, M.
Exploration of Serum Biomarkers for Predicting the Response to Inchinkoto (ICKT), a Japanese Traditional
Herbal Medicine. Metabolomics 2017, 13, 155. [CrossRef]

Guezennec, C.; Abdelmalki, A.; Serrurier, B.; Merino, D.; Bigard, X.; Berthelot, M.; Pierard, C.; Peres, M.
Effects of prolonged exercise on brain ammonia and amino acids. Int. . Sports Med. 1998, 19, 323-327.
[CrossRef]

Wilkinson, D.]J.; Smeeton, N.J.; Watt, PW. Ammonia metabolism, the brain and fatigue; revisiting the link.
Prog. Neurobiol. 2010, 91, 200-219. [CrossRef]

Newsholme, E.A.; Blomstrand, E. Branched-Chain Amino Acids and Central Fatigue. ]. Nutr. 2006, 136,
2745-276S. [CrossRef]

Schuler, V.; Liischer, C.; Blanchet, C.; Klix, N.; Sansig, G.; Klebs, K.; Schmutz, M.; Heid, J.; Gentry, C;
Urban, L.; et al. Epilepsy, Hyperalgesia, Impaired Memory, and Loss of Pre- And Postsynaptic GABA(B)
Responses in Mice Lacking GABA(B(1)). Neuron 2001, 31, 47-58. [CrossRef]

Marimoutou, M.; Springer, D.A; Liu, C.; Kim, G.; Levine, R.L. Oxidation of Methionine 77 in Calmodulin
Alters Mouse Growth and Behavior. Antioxidants (Basel) 2018, 7, 140. [CrossRef] [PubMed]

Kolisnyk, B.; Guzman, M.S.; Raulic, S.; Fan, J.; Magalhaes, A.C.; Feng, G.; Gros, R.; Prado, V.E; Prado, M.A.
ChAT-ChR2-EYFP mice have enhanced motor endurance but show deficits in attention and several additional
cognitive domains. J. Neurosci. 2013, 33, 10427-10438. [CrossRef] [PubMed]

Holmstrand, E.C.; Lund, D.; Cherian, A.K.; Wright, J.; Martin, R.E; Ennis, E.A.; Stanwood, G.D.; Sarter, M.;
Blakely, R.D. Transgenic overexpression of the presynaptic choline transporter elevates acetylcholine levels
and augments motor endurance. Neurochem. Int. 2014, 73, 217-228. [CrossRef] [PubMed]

Matsui, T,; Soya, M.; Soya, H. Endurance and Brain Glycogen: A Clue toward Understanding Central Fatigue.
Adv. Neurobiol. 2019, 23, 331-346. [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep39825
http://dx.doi.org/10.1371/journal.pone.0180989
http://dx.doi.org/10.1080/09168451.2018.1440174
http://dx.doi.org/10.1139/y85-204
http://www.ncbi.nlm.nih.gov/pubmed/4075248
http://dx.doi.org/10.3389/fnana.2012.00018
http://www.ncbi.nlm.nih.gov/pubmed/22654736
http://dx.doi.org/10.1002/gene.20009
http://www.ncbi.nlm.nih.gov/pubmed/15048810
http://dx.doi.org/10.1016/0003-9861(90)90645-F
http://dx.doi.org/10.1006/bbrc.2001.5647
http://dx.doi.org/10.1007/s11306-017-1292-x
http://dx.doi.org/10.1055/s-2007-971925
http://dx.doi.org/10.1016/j.pneurobio.2010.01.012
http://dx.doi.org/10.1093/jn/136.1.274S
http://dx.doi.org/10.1016/S0896-6273(01)00345-2
http://dx.doi.org/10.3390/antiox7100140
http://www.ncbi.nlm.nih.gov/pubmed/30322141
http://dx.doi.org/10.1523/JNEUROSCI.0395-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23785154
http://dx.doi.org/10.1016/j.neuint.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24274995
http://www.ncbi.nlm.nih.gov/pubmed/31667814
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animal Experiments 
	Western Blotting 
	Amino Acid Profiling 
	Assessment of Neurological Abnormalities 
	Endurance Exercise 
	Statistical Analysis 

	Results 
	Characteristics of Mice with BDK Deficiency in Cerebral Cortex Neurons (BDKEmx1-KO Mice) 
	Neurological Abnormalities in BDKEmx1-KO Mice 
	Endurance Exercise Capacity in BDKEmx1-KO Mice 

	Discussion 
	References

