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BACKGROUND: We recently reported that treatment with rhBDNF (recombinant human brain-derived neurotrophic factor)
improved the reduced exercise capacity of-mice with heart failure (HF) after myocardial infarction (MI). Since BDNF
is reported to enhance fatty acid oxidation, we herein conducted an in vivo investigation to determine whether the
improvement in exercise capacity is due to the enhancement of the fatty acid oxidation of skeletal muscle via the AMPKa-
PGC1a (adenosine monophosphate-activated protein kinase-a—proliferator-activated receptor-r coactivator-1a) axis.

METHODS: MI and sham operations were conducted in C57BL/6J mice. Two weeks postsurgery, we randomly divided the Ml
mice into groups treated with rhBDNF or vehicle for 2 weeks. AMPKa-PGC1a signaling and mitochondrial content in the
skeletal muscle of the mice were evaluated by Western blotting and transmission electron microscopy. Fatty acid B-oxidation
was examined by high-resolution respirometry using permeabilized muscle fiber. BDNF-knockout mice were treated with
B-aminoimidazole-4-carboxamide-1-beta-d-riboruranoside, an activator of AMPK.

RESULTS: The rhBDNF treatment significantly increased the expressions of phosphorylated AMPKa. and PGC1a protein and
the intermyofibrillar mitochondrial density in the Ml mice. The lowered skeletal muscle mitochondrial fatty acid oxidation was
significantly improved in the rhBDNF-treated MI mice. The reduced exercise capacity and mitochondrial dysfunction of the
BDNF-knockout mice were improved by 5-aminoimidazole-4-carboxamide-1-beta-d-riboruranoside.

CONCLUSIONS: Beneficial effects of BDNF on the exercise capacity of mice with HF are mediated through an enhancement
of fatty acid oxidation via the activation of AMPKa-PGC1a in skeletal muscle. BDNF may become a therapeutic option to
improve exercise capacity as an alternative or adjunct to exercise training.
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WHAT IS NEW?

* Brain-derived neurotrophic factor (BDNF) is abun-
dantly expressed in slow-twitch fibers and colocal-
ized with mitochondria.

* Beneficial effects of BDNF on exercise capacity of
mice with heart failure after myocardial infarction
was mediated through an enhancement of fatty
acid oxidation via the activation of AMPKa-PGC1a
signaling in the skeletal muscle.

¢ Treatment with BDNF had the same effects as
aerobic exercise training on exercise capacity and
molecular levels of the skeletal muscle.

WHAT ARE THE CLINICAL IMPLICATIONS?

* With the aging of societies, the number of elderly
patients with heart failure is increasing rapidly.
New treatment strategies aimed at improving exer-
cise capacity are needed, but there is currently no
established drug therapy. Treatment with BDNF
offers potential benefit in improving exercise capac-
ity in patients with heart failure.

* Treatment with BDNF may be an alternative or an
adjunct to aerobic exercise training for patients with
heart failure who have severely impaired activities
of daily living and cannot perform sufficient aerobic
exercise training.

Nonstandard Abbreviations and Acronyms

AMPKo  adenosine monophosphate-activated
protein kinase-a

AICAR 5-aminoimidazole-4-carboxamide-
1-beta-d-riboruranoside

BDNF brain-derived neurotrophic factor

BW body weight

CPT carnitine palmitoyl-transferase

CsS citrate synthase

ET exercise training

ETF electron transfer flavoprotein

HF heart failure

Mi myocardial infarction

PGC1a proliferator-activated receptor-r
coactivator-1a

rhBDNF recombinant human brain-derived neuro-
trophic factor

SDH succinic dehydrogenase

SED sedentary conditions

WT wild type

who have experienced heart failure (HF) is due
mainly to skeletal muscle abnormalities.”? These
abnormalities include impaired energy metabolism,
mitochondrial dysfunction, a fiber-type switch from

The reduced exercise capacity of individuals
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oxidative fibers to glycolytic fibers, and skeletal mus-
cle atrophy."? Mitochondrial enzymes, including fatty
acid B-oxidation enzymes, are reduced in the skeletal
muscles of patients with HF2 Our investigation using
magnetic resonance spectroscopy revealed that an
increased accumulation of intramyocellular lipid was
closely associated with muscle energy production and
exercise capacity.* As an intervention for such meta-
bolic alterations, exercise training (ET) is the only ther-
apy that has been shown to improve subjects’ reduced
exercise capacity and impaired fatty acid metabolism
in the skeletal muscle, and ET can prolong survival in
patients with HF. Therefore, therapeutic strategies that
can mimic the metabolic effects of ET would be highly
beneficial in the HF setting.

BDNF (brain-derived neurotrophic factor) is a member
of the neurotrophic family of growth factors.>™ It is pres-
ent in the nervous system, and it promotes the neuronal
system’s growth, development, maintenance of functions,
and survival>” We demonstrated that serum BDNF lev-
els were decreased in patients with HF in association
with lower peak oxygen uptake.® We also confirmed that
decreased serum BDNF levels predicted adverse clini-
cal outcomes in patients withf Hﬁg":&t‘her authors have
shown that exercise increases both circulating and skel-
etal muscle BDNF levels,'® which raises the possibility
that BDNFE. secretion from the skeletal muscles influ-
ences the circulating BDNF levels.

We recently established that in a mouse HF model
after - myocardial. infarction (MI), the BDNF protein
expression in the skeletal muscle is decreased; we also
observed that treatment with rhBDNF (recombinant
human BDNF) improved the reduced aerobic exercise
capacity and mitochondrial dysfunction in the skeletal
muscles of the HF mice."" These results suggested that
BDNF in the skeletal muscle is closely associated with
the body’s aerobic capacity, and that BDNF pharmaco-
logical therapy could be a good candidate for an alterna-
tive to for exercise therapy.

The presence of AMPKa and PGCla, which are
master regulators of mitochondrial function, is greater
in slow-twitch muscle fibers. Exercise enhances mito-
chondrial biogenesis and fatty acid oxidation in the skel-
etal muscle via the AMPKa-PGC1a pathway.'? BDNF
enhances PGC1la-mediated mitochondrial biogenesis
in hippocampal neurons.' In addition, BDNF enhances
fatty acid oxidation in vitro (in intact L6 myotubes) and ex
vivo (in isolated intact rat skeletal muscle) via the activa-
tion of AMPKa signaling.'® Taken together, these find-
ings indicated that BDNF may be closely linked to the
AMPKa-PGC1a axis.

The mechanism by which an administration of
BDNF increases the exercise capacity of mice with
HF had been unknown. We hypothesized that the
beneficial effect of BDNF on the exercise capacity
of HF mice was attributable to the enhancement of
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skeletal muscle mitochondrial fatty acid oxidation via
the activation of AMPKa-PGC1a signaling. We thus
conducted the present in vivo study to clarify this
issue. Our results indicate that the beneficial effects of
BDNF on the exercise capacity of HF mice are indeed
mediated through an enhancement of fatty acid oxida-
tion via the activation of AMPKa-PGC1la in skeletal
muscle.

METHODS

All experiments and methods of animal care were performed
according to the Guide for the Care and Use of Laboratory
Animals of the US National Institutes of Health and approved
by our institutional animal research committee; they also con-
formed to the Animal Care Guidelines for the Care and Use
of Laboratory Animals of the Hokkaido University Graduate
School of Medicine. All data and materials supporting the
findings of this study are available within the article and in
the Data Supplement or from the corresponding author upon
reasonable request.

Experimental Animals

Male C57BL/6J mice were kept in a pathogen-free environ-
ment and housed in an animal room under a 12/12 hr light-
dark cycle at a temperature of 23°C to 25°C with chow and
tap water ad libitum. Mice were anesthetized with a combina-
tion anesthesia: 0.3 mg/kg body weight (BW) of medetomi-
dine (Dorbene; Kyoritsuseiyaku Co, Tokyo), 4.0 mg/kg BW of
midazolam (Dormicum; Astellas Pharma, Tokyo), and 5.0 mg/
kg BW of butorphanol (Vetorphale; Meiji Seika; Tokyo) via intra-
peritoneal administration.”* M| was created by ligating the left
coronary artery of the 10- to12-week-old mouse weighing 23
to 26 g, as described previously.'® The sham operation was per-
formed without ligating the coronary artery.

Study Protocol

Two weeks after the surgery, we randomly divided the MI mice
and sham mice into 2 groups: treatment with rhBDNF (6 mg/
kg BW/d) and treatment with vehicle (PBS) by subcutaneous
injection for an additional 2 weeks. Four weeks after the opera-
tion (at the end of the 2-week treatments), the 4 groups of
mice (ie, the sham+vehicle, sham+rhBDNF, MI+vehicle, and
MI-+rhBDNF mice [n=7 each]) were subjected to a treadmill
test, and other experiments were performed in the 3 groups
other than the sham+rhBDNF. Next, under deep anesthe-
sia with the above-described combination of anesthesia, the
mouse was euthanized, and its hindlimb skeletal muscle was
excised, weighed, and used for the measurement of mitochon-
drial respiration and other experiments.

Echocardiographic Measurement

Transthoracic echocardiography was performed using an Aplio
300 ultrasound machine (Toshiba Medical Systems, Otawara,
Japan) equipped with a 12-MHz linear transducer as described
previously.” We conducted the echocardiography with the
mouse in the conscious state to avoid a potential influence of
anesthesia on cardiac function.'®
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Exercise Capacity and Spontaneous Physical
Activity

We subjected the mice to a treadmill exercise test using
a motorized treadmill (Oxymax 2; Columbus Instruments,
Columbus, OH) as described previously.'” In brief, after a rest-
ing period of 10 minutes, the mouse was provided a 10-min-
ute warm-up period at 6 m/min at 0° inclination. After warming
up, the mouse ran on a graded treadmill at a 10° incline; the
speed was incrementally increased by 2 m/min every 2 min-
utes until exhaustion. Exhaustion was defined as spending
time (=10 seconds) on the shocker plate without attempting
to re-engage the treadmill. Spontaneous physical activity for
24 hours was measured using an animal movement analysis
system (ACTIMO System; Shintechno, Fukuoka, Japan) as
described previously.'5'®

Mitochondrial Respiration With Fatty Acid
Substrates

The methods used to prepare permeabilized fibers and the mea-
surement of mitochondrial respiration were as described previ-
ously.” In brief, the red portion of the gastrocnemius muscle
was quickly excised and immediately placed in ice-cold biopsy
preservation solution containing 2.7Zmmol/L CaK, EGTA, 7.23
mmol/L EGTA, 20 mmol/L taurme,iS@emmol/L MgCI B.77
mmol/L ATP, 15 mmol/L phosphotreatine, 0.5 mmol/L DTT,
and 50 mmol/L MOPS, pH 7.1. After permeabilization using
0.05 mg/mL saponin solution, we transferred the permeabi-
lized fiber (1.56-3.0 mg) to a thermostat (37 °C) chamber and
started to measure the mitochondrial respiration.

The . mitochondrial respiratory capacity was measured
by high-resolution respirometry (Oxygraph-2k; Oroboros
Instruments, Innsbruck, Austria) in MiIRO5 medium (0.5
mmol/L EGTA; 110 mmol/L sucrose; 60-mmol/L potassium
lactobionate, 20 mmol/L taurine, 3 mmol/L MgCl,:6H,0, 10
mmol/L KH,PO,, 20 mmol/L HEPES, and 1 g/L BSA, pH
7.1). We conducted a protocol with fatty acid substrates as
follows: (1) malate 2 mmol/L, (2) octanoyl-L-carnitine 0.15
mmol/L, (3) ADP-Mg 5 mmol/L, and (4) cytochrome ¢ 10
pmol/L. We tested the integrity of the outer mitochondrial
membrane by adding cytochrome c, and the data were elimi-
nated when the increase in the oxygen consumption rate was
>10% as a sign of a damaged outer mitochondrial membrane.
Datlab software ver.6 (Oroboros Instruments) was used for
the data acquisition and data analysis.

BDNF+- Mice

BDNF hetero-knockout (BDNF*~) and BDNF** (wild type
[WT]) mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Hindlimb skeletal muscle was excised as described
above and used for Western blotting and mitochondrial DNA
analyses. Next, b-aminoimidazole-4-carboxamide-1-beta-d-
riboruranoside (AICAR; Toronto Research Chemicals, Ontario,
Canada) at 500 mg/kg BW/d or vehicle (saline) was intraperi-
toneally injected into BDNF*~ mice for 5 weeks, and the tread-
mill test was performed, and CS (citrate synthase) activity was
measured using WT+vehicle mice (n=8), BDNF+*~+vehicle
mice (n=7), and BDNF*—+AICAR mice (n=6).
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ET and the Administration of rhBDNF to
Sedentary Mice

Male C57BL/6J mice maintained under sedentary conditions
(SED) were subcutaneously injected with rhBDNF (10 mg/
kg BW/d) or vehicle (PBS) for 5 weeks. The training groups
then completed 5 weeks of swimming ET for 90 min/d, 5 d/
wk.'® At the end of b weeks, the treadmill test was performed
in SED+vehicle mice (h=11), SED+rhBDNF mice (n=b), and
ET+vehicle mice (n=10).

C2C12 Cell Culture

C2C12 cells (ATCC CRL-1772) were cultured as described
previously.® Fully differentiated C2C12 myotubes were also
treated with rhBDNF (100 ng/mL), compound C (a potent and
selective inhibitor of AMPK;, 40 pmol/L in DMSO; Calbiochem,
Darmstadt, Germany), or a combination of rhBDNF and com-
pound C for 30 minutes. Other fully differentiated C2C12
myotubes were treated with rhBDNF (100 ng/mL), anti-TrkB
receptor antibody (1 pg/mL in DMSO; Sigma-Aldrich, St. Louis,
MO), or a combination of rhBDNF and anti-TrkB receptor anti-
body for 30 minutes.

The details of experimental methods for the Western blot-
ting, immunohistochemical staining, measurement of CS activity,
transmission electron microscopy, mitochondrial DNA analysis,
quantitative real-time polymerase chain reaction, and immuno-
fluorescence microscopy are provided in the Data Supplement.

Statistical Analyses

Data are expressed as the meantSD. The statistical analyses
were performed using Student unpaired ¢ test for comparisons
of pairs of groups and a 1-way ANOVA followed by Tukey test
for comparisons of 3 groups. The statistical analyses were per-
formed using a 2-way ANOVA for comparisons of 4 groups with
2 factors and when there was an interaction effect between 2
factors, followed by Tukey test. Analyses were performed with
GraphPad Prism 7 software (GraphPad, La Jolla, CA). Pvalues
<0.05 were considered significant.

RESULTS

BDNF Was Abundant in Slow Oxidative Skeletal
Muscle Fibers of the Mice

We first assessed the tissue localization of BDNF in the
skeletal muscles of the mice. The BDNF protein expres-
sion was significantly higher in soleus muscle (which is
mainly type |, oxidative, slow-twitch fibers) than in gas-
trocnemius muscle (which is mainly type Il, glycolytic,
fast-twitch fibers) as evaluated by both Western blotting
(Figure 1A) and immunohistochemistry staining (Fig-
ure 1B). We further assessed the BDNF expressions
in the gastrocnemius muscle, which contains both a red
part (type | fibers) and a white part (type Il fibers). BDNF
was highly expressed in the type | fibers, which were
darkly stained with SDH (succinic dehydrogenase) com-
pared with the type Il fibers (Figure 1C). The soleus mus-
cle had a higher proportion of type | fibers, and BDNF
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expression was distributed throughout the soleus mus-
cle (Figure | in the Data Supplement). Super-resolution
microscopy showed that in the C2C12 myotubes, BDNF
was co-localized with mitochondria (Figure 1D).

rhBDNF Treatment Improved the Exercise
Capacity of Ml Mice

In preliminary experiments, we used C57BL/6J mice to
determine the dose of rhBDNF. The work tended to be
increased in the C57BL/6J mice treated with 5 or 10
mg/kg BW/d for 2 weeks and was significantly increased
in the C57BL/6J mice treated with 20 mg/kg BW/d
for 2 weeks, and no obvious dose-dependent effects
were observed (Figure Il in the Data Supplement). When
rhBDNF was administered at >20 mg/kg BW/d, signifi-
cant BW loss was observed in the mice (data not shown),
and its efficacy on exercise capacity could not be verified.

The characteristics of the groups are summarized in
Table | in the Data Supplement. The BW was significantly
decreased in the MI+rhBDNF mice compared with the
other 2 groups. There was no significant difference in
food intake among the groups. There were no significant

differences in the heart, lung, aﬁéﬂ@?ﬁgmlnmuscle weights
between MI+vehicle and MI+rhBDNF mice. There were
also no statistical differences in echocardiographic find-
ings between MI+vehicle and MI+rhBDNF mice.

There was. no significant differences in the exercise
capacity between sham+vehicle and MI+rhBDNF mice
(Figure 2A). We; therefore, performed other experiments
in_only the sham+vehicle, MI+vehicle, and MI+rhBDNF
mice. The total running time and running distance were
significantly lower in the MI+vehicle mice compared with
the sham+vehicle mice, and these parameters were sig-
nificantly improved in the MI+rhBDNF mice (Figure 2A).
There was no significant difference in the spontaneous
physical activity among groups (Figure 2B).

rhBDNF Treatment Improved the Mitochondrial
Biogenesis and Function in Skeletal Muscle
From MI Mice

We confirmed that the endogenous levels of BDNF
in the skeletal muscle were decreased in the M| mice
compared with the sham mice (Figure Il in the Data
Supplement). We evaluated the upstream signaling and
mitochondrial content in skeletal muscles of the mice.
The administration of rhBDNF significantly increased
the protein expressions of phosphorylated AMPKo. and
PGC1a (Figure 3A). Representative transmission elec-
tron microscopy images of the skeletal muscle from
each group are shown in Figure 3B. The intermyofibril-
lar mitochondrial density was significantly decreased in
the MI+vehicle mice, and this decrease was significantly
ameliorated in the MI+rhBDNF mice (Figure 3B).
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Figure 1. BDNF (brain-derived neurotrophic factor) was abundant in mouse type I fibers and co-localized with mitochondria.
A, Representative Western blots and summary data of BDNF protein expressions in gastrocnemius muscle and soleus muscle. n=5 per group. B,
A representative immunohistochemical staining image for BDNF in a slice of skeletal muscle including gastrocnemius and soleus muscle. Scale

bar, 100 pm. C, Representative immunohistochemical staining images for SDH (succinic

dehydrogenase) and BDNF in the medial gastrocnemius

muscle. The left and right panels show the results of staining with serial sections. Scale bar, 100 pm. D, Representative super-resolution
fluorescence microscopic images of C2C12 cells using antibodies to BDNF (green) and MTCO1 (mitochondrially encoded cytochrome c oxidase
1, red, a mitochondrial marker), and a merged image (yellow). Scale bar, 5 um. Data are mean£SD. CBB indicates coomassie brilliant blue.
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Figure 2. Treatment with rhBDNF (recombinant human brain-derived neurotrophic factor) improved the exercise capacity of

myocardial infarction (MI) mice.

A, Total running time and running distance to exhaustion. B, Spontaneous physical activity. n=7 per group. Data are mean£SD.

An AMPK Activator Improved the Exercise
Capacity of the BDNF*'~ Mice

To test our observations regarding AMPKa-PGC1a sig-
naling in BDNF treatment, we performed experiments
using BDNF*~ mice. As expected, the expression of
BDNF was decreased in BDNF*~ mice compared with
the WT mice (Figure 4A). The levels of both-phosphory-
lated AMPKo and PGC1a were also decreased in the
BDNF+~ mice compared with the WT mice (Figure 4A).
Consequently, mitochondrial DNA was decreased in
the BDNF*~ mice compared with the WT mice (Fig-
ure 4A), which suggests that mitochondrial content was
decreased in the BDNF*~ mice.

We investigated the effects of AICAR, a specific
activator of AMPK, in BDNF*~ mice. There were no
significant differences in BW, organ weights, or echo-
cardiographic parameters among the WT, BDNF*~, and
BDNF+~+AICAR mice (data not shown). The total run-
ning time and total running distance were significantly
lower in the BDNF*~ mice compared with the WT mice
(Figure 4B). The CS activity in the skeletal muscle was
significantly lower in the BDNF*~ mice compared with
the WT mice (Figure 4C). The administration of AICAR
improved the exercise capacity and CS activity in the skel-
etal muscle of the BDNF*~ mice (Figure 4B and 4C).

BDNF Regulated Fatty Acid Metabolism

Mitochondrial fatty acid oxidation in the skeletal muscle
was significantly lower in the Ml+vehicle mice compared
with the sham+vehicle mice, and it was significantly
improved in the MI+rhBDNF mice compared with the

Circ Heart Fail. 2021;13:e0056890. DOI: 10.1161/CIRCHEARTFAILURE.119.005890

Ml+vehicle mice (Figure bA) _The visceral fat weight
was significantly lower in the‘»\fm'#iﬁia‘BDNF mice than
the other 2 groups (Figure 5B). The protein expressions
of CD36, CPT (carnitine palmitoyl-transferase) 1B, and
CPT2were significantly lower in the skeletal muscle from
the ‘MI+vehicle mice compared with the sham+vehicle
mice, and these proteins were significantly up-regulated
in'the MI+rhBDNF mice compared with the Ml+vehicle
mice (Figure 5C). The expressions of the 2 proteins
ETFA and ETFB (ETF [electron- transfer flavoprotein])
subunit a and subunit ) were significantly lower in the
skeletal muscle from the Ml+vehicle mice compared
with that of the sham+vehicle mice, and these proteins
were significantly up-regulated by rhBDNF (Figure 5C).
The number of intramyocellular lipid droplets was signifi-
cantly increased in the MI+vehicle mice compared with
the sham+vehicle, and rhBDNF treatment significantly
decreased this number (Figure 5D).

rhBDNF Treatment Increased the Exercise
Capacity of Sedentary Mice

We determined the effects of BDNF on exercise capac-
ity and mitochondrial function in skeletal muscle in nor-
mal mice (sedentary mice) and compared these effects
with those of ET. The rhBDNF treatment of sedentary
mice for b weeks significantly increased both their exer-
cise capacity and the CS activity in their skeletal muscle,
which was comparable with the effects of ET (Figure 6A
and 6B). Consistent with the increased exercise capac-
ity, rhBDNF increased the expressions of genes in the
skeletal muscle that are related to the tricarboxylic acid
cycle, electron transport chain, mitochondrial biogenesis,
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Figure 3. rhBDNF (recombinant human brain-derived neurotrophic factor) treatment improved AMPKo-PGC1a signaling and

mitochondrial biogenesis.

A, Representative Western blots and summary data of phosphorylated-AMPKa and PGC1a in gastrocnemius muscle in the 3 experimental
groups. n=7 per group. B, Representative transmission electron microscopy images in gastrocnemius muscle and summary data of
mitochondria density. Nine images from 3 mice per group were analyzed. Scale bar, 2 pm. n=9per group. Data are mean=SD. Ml indicates

myocardial infarction.

and fatty acid oxidation; these changes are comparable
to the effects of ET (Figure 6C).

The Effects of rhBDNF Were Inhibited by an
AMPKa Inhibitor In Vitro

We confirmed the signal of BDNF with the use of
C2C12 myotubes. The rhBDNF treatment of C2C12
myotubes increased the expressions of genes related
to mitochondrial biogenesis and fatty acid oxidation, and
these increases were completely inhibited by the addi-
tion of compound C, a selective inhibitor of AMPKa (Fig-
ure 6D), or anti-TrkB receptor antibody (Figure 6E).

DISCUSSION

The results of our experiments demonstrated that BDNF
was abundant in oxidative fibers from mice. Taking our
present findings into account together with the previous
observation that BDNF expression was decreased in the
skeletal muscle of mice with HF after MI,"" we suggest
that BDNF plays an important role in the development of
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skeletal muscle abnormalities and the reduction of exer-
cise capacity in HF. The results of our present investiga-
tion also clarified that the beneficial effects of rhBDNF
on the exercise capacity of HF mice were due to the
enhancement of fatty acid oxidation via the activation
of AMPKa-PGC1a signaling pathways. The mediation
of rhBDNF, which was shown to have the therapeutic
effect of increasing exercise capacity, occurred through
this signaling in vivo. This finding is also supported by
the results of our experiments using BDNF*~ mice and
AICAR. We thus speculate that BDNF is an exercise
mimetic that can be applied in vivo and for humans.

To our knowledge, this is the first demonstration that
BDNF was preferentially expressed in mitochondria-rich
oxidative muscles rather than glycolytic muscles (Fig-
ure 1A through 1C). Skeletal muscle is a unique organ
that has various fiber types, and it is important to know
why BDNF is abundant in slow-twitch muscle fibers. Our
immunofluorescence staining also showed that BDNF
was co-localized with mitochondria (Figure 1D). We thus
consider it possible that BDNF acts directly on mito-
chondria and can regulate the mitochondrial function in
skeletal muscle.
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Figure 4. 5-aminoimidazole-4-carboxamide-1-beta-d-riboruranoside (AICAR) improved the reduced exercise capacity and the
mitochondrial function in skeletal muscle of the BDNF+/~ (brain-derived neurotrophic factor) mice.

A, Representative Western blots and summary data of BDNF, phosphorylated-AMPKa, PGC1a, and mtDNA in gastrocnemius muscle in wild
type (WT) and BDNF*~ mice. n=3 per group for Western blots and n=8, and 5 for mtDNA. B, Total running time and total running distance
to exhaustion. C, CS (citrate synthase) activity in skeletal muscle in WT+vehicle, BDNF*~+vehicle, and BDNF*-+AICAR mice. n=8, 7, and 6.

Data are meantSD. AICAR denotes activator of AMPK.

In the field of neurology, it is known that BDNF bind-
ing to TrkB receptors induces TrkB dimerization and
autophosphorylation at specific tyrosine residues in the
cytoplasmic domain, creating docking sites for adaptor
proteins that trigger the activation of downstream sig-
naling pathways.?' The increased expressions of genes
related to mitochondrial biogenesis and fatty acid oxida-
tion in C2C12 cells treated with BDNF were completely
inhibited by the addition of anti-TrkB receptor antibody
(Figure BE). This result suggested that the effects of
BDNF were dependent of TrkB receptors.

We also investigated whether hBDNF phosphorylated
TrkB receptors in the skeletal muscle. For this purpose,
we performed Western blotting using 2 commercially

Circ Heart Fail. 2021;13:e0056890. DOI: 10.1161/CIRCHEARTFAILURE.119.005890

available antiphosphorylated receptor antibodies, and the
results revealed no differences in the TrkB receptor phos-
phorylation level among the groups of sham-+vehicle,
MI+vehicle, and MI+-rhBDNF mice (data not shown). We
then used the Blue Native polyacrylamide gel electro-
phoresis method to further investigate whether BDNF
and the TrkB receptors formed complexes in the skeletal
muscle. The results showed that, indeed, BDNF and the
TrkB receptors formed complexes, and these complexes
were decreased in M| mice compared with sham mice
(data not shown).

It was reported that clathrin-dependent endocyto-
sis of TrkB-BDNF complexes is associated with Akt-
mediated neuronal protection and dendritic growth.??
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Figure 5. rhBDNF (recombinant human brain-derived neurotrophic factor) treatment enhanced the fatty acid oxidation in the
skeletal muscle of myocardial infarction (MI) mice.

A, Mitochondrial oxygen consumption rates during state 3 (ADP-stimulated respiration) with fatty acids in permeabilized gastrocnemius muscle
fibers. Values are relative to the O, flux of sham-+vehicle mice. n=7, 5, and 5. B, Visceral fat (epididymal fat) weight/body weight (BW) in each
group. n=7 per group. C, Representative Western blots and summary data of cluster of differentiation 36 (CD36), CPT (carnitine palmitoyl-
transferase) 1B, CPT2, ETFA (electron transfer flavoprotein subunit o), and ETFB (electron transfer flavoprotein subunit ). Values were
normalized by GAPDH. n=7 per group. D, Representative transmission electron microscopy images of skeletal muscle from Ml+vehicle and
MI+rhBDNF mice. Scale bar, 1 mm. Data are meantSD.
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Figure 6. Beneficial effects of rhBDNF (recombinant human brain-derived neurotrophic factor) are equivalent to exercise

training (ET).

A, Total running time and running distance to exhaustion (=11, 5, and 10), (B) CS (citrate synthase) activity in the skeletal muscle (n=6 per
group), and (C) gene expressions in the skeletal muscle from sedentary conditions (SED)+vehicle, SED+rhBDNF, and ET+vehicle mice (n=6,
7, and 8). D, Gene expressions in C2C12 myotubes treated with DMSO, compound C, rhBDNF, or rhBDNF+compound C (n=4 per group). E,
Gene expressions in C2C12 myotubes treated with DMSO, anti-TrkB receptor antibody, rhBDNF, or rhBDNF+anti-TrkB receptor antibody (n=4
per group). Data are meantSEM. *P<0.05 vs SED+vehicle. 1P<0.05 vs DMSO. #P<0.05 vs rhBDNF.
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The same mechanism may thus be associated with the
downstream signaling of BDNF in the skeletal mus-
cle. On the contrary, it is known that BDNF-activated
TrkB mediates hippocampal plasticity via recruitment
of phospholipase C and by subsequent phosphoryla-
tion of Ca%*-calmodulin-regulated protein kinase.?® This
may be associated with the increased phosphorylation
of AMPKa by BDNF in the skeletal muscle. However,
further experiments are necessary to clarify the details
of these molecular mechanisms.

Our present findings also demonstrated that the
treatment with rhBDNF increased the fatty acid oxi-
dation in mouse gastrocnemius muscle (Figure BA). It
was reported that BDNF enhanced fatty acid oxidation
in vitro (in intact L6 myotubes) and ex vivo (in isolated
intact rat skeletal muscle).”® We expanded those find-
ings in the present in vivo study, by demonstrating that
rhBDNF could improve the impaired mitochondrial fatty
acid oxidation in the skeletal muscle from mice with HF.
This improvement was caused by an upregulation of fatty
acid transport proteins and ETF rather than individual 8-
oxidation proteins (Figure b).

In regard to the impaired fatty acid oxidation, we also
observed accumulated lipid droplets in skeletal muscle
by transmission electron microscopy (Figure 5D). Our
prior research revealed that the level of intramyocellu-
lar lipid was increased in the skeletal muscle-of patients
with HF with lowered exercise capacity.! Not only a low
energy supply but also lipotoxicity in skeletal muscle may
adversely affect exercise capacity in MI mice.?* It is thus
conceivable that BDNF may be beneficial for patients
with other diseases with lipotoxicity in the skeletal mus-
cle, such as type 2 diabetes.

In the present study, we used BDNF*~ mice with
an ~b0% reduction in BDNF expression of the skeletal
muscle, and this reduction was comparable to that of
MI mice. The decreased exercise capacity of BDNF*~
mice was improved by AICAR, a specific activator of
AMPK, strongly supporting the possibility that AMPKa
plays an important role in the downstream signaling of
BDNF. AICAR is a cell-permeable precursor to ZMP,
which mimics AMP, and it binds to the AMPKYy sub-
units and directly activates AMPK. Little is known about
AICAR other than the AMPK-dependent effects of
AICAR. Increased AMP due to the application of AICAR
may reduce intracellular cAMP and suppress PKA-
dependent signals. However, we could not clarify this
issue in the present study.

The beneficial effects of the present rhBDNF treat-
ment occurred via the same signaling pathway in the skel-
etal muscle as that affected by ET. Indeed, the 5-week
rhBDNF treatment showed effects on exercise capacity
and mitochondrial function that were equivalent to those
achieved with 5 weeks of swimming training in mice
(Figure 6). Some patients with HF cannot undergo suffi-
cient ET because of their highly impaired skeletal muscle

Circ Heart Fail. 2021;13:e0056890. DOI: 10.1161/CIRCHEARTFAILURE.119.005890
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abnormalities. Treatment with rhBDNF may become a
pharmacological therapy that improves exercise capacity
and prognosis in patients with HF, as an alternative or
adjunct to ET. However, we cannot completely exclude
the beneficial effects of rhBDNF on cardiac function.
Although rhBDNF did not affect echocardiographic
parameters at rest or the histological data of the mice, it
may improve their exercise capacity due to an improve-
ment in cardiac reserve during exercise. Unfortunately,
we could not measure the echocardiographic parameters
immediately after the exercise by the mice, due to some
technical reasons including the poor quality of echocar-
diographic images associated with elevated heart rate,
the instability of the mice after exercise, and difficul-
ties with the echocardiography pretreatment. Moreover,
even if rhBDNF did not improve cardiac remodeling
and function at rest, it may improve fatty acid oxidation
and mitochondrial content in the heart as observed in
the skeletal muscle, and it may improve the subsequent
cardiac reserve during exercise. Further experiments
focusing on cardiac metabolism and the cardiac reserve
during exercise are needed.

In summary, the beneficial effects of BDNF on the
exercise capacity of mice with‘lﬁi‘?&ig@c‘mﬂedia’ced through
an enhancement of fatty acid oxidation via the activation
of AMPKa-PGC1a in the skeletal muscle. BDNF may
become a-potential therapeutic option to improve exer-
cise capacity as an alternative or adjunct to ET.
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Supplemental Methods

Western blotting and antibodies

Skeletal muscle samples were homogenized in ice-cold Cell lysis buffer (Cell Signaling
Technology [CST], Beverly, MA) supplemented with Complete protease inhibitor cocktail
(Roche, Mannheim, Germany), 1 mM phenylmethylsulfonyl fluoride, and PhosSTOP
phosphatase inhibitor cocktail (Roche). After homogenization using a Polytron homogenizer
and centrifugation at 15,000 g for 20 min at 4°C, we collected the supernatant. Samples were
diluted with 2x sample buffer in addition to 2-mercaptoethanol and then heated at 100°C for
3 min.

Samples (2040 pg of total protein) were applied on a Criterion TGX Precast Gel
(Bio-Rad Laboratories, Hercules, CA) and electrophoretically separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Gels were transferred onto a poly vinylidene di-
fluoride membrane using the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The
membranes were blocked at room temperature for 1 hr in 5% non-fat dry milk in TBS-T
buffer (Tris-buffered saline containing 0.1% Tween 20). They were incubated using primary
antibodies against BDNF (1:1,000, ab108319, Abcam, Cambridge, MA), p-AMPKa
(Thrl72) (1:1,000, #2535, CST), AMPKa (1:2000, #2532, CST), PGCla (1:500, ab77210,
Abcam), GAPDH (1:5,000, #3683, CST), CD36 (1:1,000, ab133625, Abcam), CPT1B
(1:1,000, ab134988, Abcam), CPT2 (1:1,000, ab71435, Abcam), ETFA (1:1,000, ab110316,
Abcam), and ETFB (1:1,000, ab104944, Abcam) in 5% milk/TBS-T overnight at 4°C.

After being washed with TBS-T at least three times, the membranes were incubated
with a horseradish peroxide-conjugated secondary antibody at room temperature for 1 hr at a
dilution of 1:5,000 in 5% milk/TBS-T. After washing, the membranes were developed with
ECL or ECL Prime Western Blotting Detection Reagent (GE Healthcare, Little Chalfont,

UK) or SuperSignal West Femto (Thermo Fisher Scientific, Waltham, MA) and then
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processed for detection with a ChemiDoc XRS+ System (Bio-Rad Laboratories). We used
GAPDH as a loading control. The density of the signals of bands was quantified with Image

J software (U.S. National Institutes of Health).

Immunohistochemical staining

Skeletal muscle samples were immediately embedded in OCT compound (Thermo Fisher
Scientific), then frozen in melting isopentane precooled in liquid nitrogen. The frozen
sections of gastrocnemius and soleus muscles were cut into 12-pum-thick sections with a
cryostat (HM500-OM, Microm, Walldorf, Germany). The method of succinate
dehydrogenase (SDH) staining was as described.! For BDNF staining, slides were fixed with
ice-cold 4% paraformaldehyde for 7 min, washed with PBS and fixed with 0.3% H20: in
methanol for 30 min. After being washed again with PBS, the slides were incubated with
anti-BDNF primary antibody diluted at 1:300 overnight at 4°C. After being washed with
PBS, the slides were incubated with EnVision+ HRP Labelled Polymer Anti-Rabbit (K4002;
Dako, Carpinteria, CA) for 30 min. Staining was visualized by incubation for 7 min in a
Dako Liquid DAB substrate-chromagen system (K3466; Dako). The sections were then

imaged using a BZ-X700 microscope (Keyence, Tokyo).

Immunofluorescence microscopy

The immunofluorescence microscopy analysis was performed as described.? Briefly, C2C12
myotubes were plated onto cover-glasses coated with 50 pg/ml fibronectin. After 24-hr
incubation at 37°C, the cells were fixed with 2% formaldehyde in PBS at 37°C for 10 min,
followed by ice-cold methanol for a 5-min fixation at —20°C. After blocking with 1% bovine
serum albumin (BSA) in PBS for 30 min, the samples were incubated with antibodies

against BDNF (1:800, ab108319, Abcam) and MTCOL (1:200, ab14705, Abcam) in 1%
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BSA/PBS overnight at 4°C. After being rinsed with blocking buffer, the samples were
incubated with secondary antibodies conjugated with Alexa 488 (against rabbit 1gG) and
Alexa 555 (against mouse 1gG) fluorescent dyes at a dilution of 1:1,000 for 30 min at room
temperature.

Nuclei were stained with TO-PRO-3 (Thermo Fisher Scientific) at a dilution of 1:1,000.
Fluorescence images were obtained with a confocal laser-scanning microscope using a 100x
H oil-immersion objective (NA of 1.4; CFI Plan Apo VC; Nikon, Tokyo) and analyzed with
the attached software (model A1R with NIS-Elements). We performed a high-resolution
structured illumination microscopy (SIM) analysis to examine the co-localization of BDNF

and mitochondria using the N-SIM microscope (Nikon) and NIS-Elements software (Nikon).

Citrate synthase activity
The enzymatic activity of citrate synthase (CS, a key enzyme of the tricarboxylic acid
[TCA] cycle) was spectrophotometrically determined in the tissue homogenate from skeletal

muscle samples as described.®

Transmission electron microscopy

Each muscle sample was fixed in 3% glutaraldehyde with 0.1 mM phosphate buffer and
postfixed in 0.1 mM phosphate buffer with 1% osmium tetroxide and then serially
dehydrated in ethanol and embedded in epoxy resin. Sections were cut on an ultramicrotome
(LKB, Brommer, Sweden), and consecutive ultrathin sections were mounted on copper
grids. The ultrathin sections were stained and examined with an electron microscope (H-

7100; Hitachi, Tokyo).?

Mitochondrial DNA analysis
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To determine mitochondrial DNA content, DNA was isolated from frozen muscle samples
using the DNAeasy tissue kit (Qiagen, Valencia CA USA). DNA was quantified
spectrophotometrically at 260 nm wavelength. The DNA was used to amplify cytochrome b
and GAPDH using quantitative real-time polymerase chain reaction (PCR). The cytochrome
b primer probe was generated by using the following sequence: forward primer
TATTCCTTCATGTCGGACGA, reverse primer AAATGCTGTGGCTATGACTG, and

probe ACCTGAAACATTGGAGTACTTCTACTG.

Real-time PCR analysis

Total RNA was extracted from frozen muscle samples or cultured C2C12 myotubes with
QuickGene-810 (FujiFilm, Tokyo) according to the manufacturer's instructions.® The
extracted RNA was quantified spectrophotometrically at 260 nm. cDNA was synthesized
with a High-Capacity cONA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). Reverse transcription was performed at 25°C for 10 min, 37°C for 120 min, and 85°C
for 5 sec, and then cooled at 4°C. cDNA samples were stored at —20°C until subsequent
amplification.

A TagMan quantitative real-time polymerase chain reaction (PCR) was performed
with the 7300 real-time PCR system (Applied Biosystems) with TagMan Gene Expression
Master Mix (Applied Biosystems). The TagMan primers and probes used are listed in
Supplemental Table S2. Following 2 min at 50°C and 10 min at 95°C, the PCR
amplification was performed for 40 cycles, with each cycle at 95°C for a 15-sec denaturing
step and 60°C for 1 min annealing/extending step. GAPDH was used as an internal control.

MRNA expression was normalized by the GAPDH expression levels in each sample.*>?!
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1  Supplemental Table S1. Organ weight and echocardiography in sham+vehicle,

2 Ml+vehicle, and MI+rhBDNF mice.

Sham+vehicle MI+vehicle MI+rhBDNF

n 7 7 7
BW (g) 256 + 0.8 263 + 1.0 24.2 + 0.8*f
Food intake (g/day) 28 = 0.8 32 £ 05 29 + 0.3
Organ weights
Heart weight/BW (mg/qg) 46 = 05 6.4 + 1.3* 6.6 + 0.8*
LV weight/BW (mg/g) 32 £ 05 39 + 03* 44 + 0.3*
Lung weight/BW (mg/g) 53 £ 05 81 + 37 81 + 18
Gastrocnemius weight/BW

55 + 0.3 54 + 0.3 54 + 0.3
(mg/g)
Soleus weight/BW (mg/qg) 041 = 003 040 = 0.03 042 = 0.03
Echocardiography
Heart Rate (bpm) 703 = 13 681 + 29 684 + 26
LV end-diastolic diameter

32 £+ 0.3 54 + 0.3* 52 + 05*
(mm)
LV end-systolic diameter

1.7 + 03 49 + 0.3* 47 + 0.8*
(mm)
% fractional shortening (%) 474 + 50 8.7 + 21* 98 + 29*
LV anterior wall thickness

0.70 + 0.03 0.31 + 0.08* 0.29 *+ 0.08*
(mm)
LV posterior wall thickness

0.73 + 0.05 1.10 + 0.08* 1.04 + 0.13*

(mm)
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1  Dataare meantSD. *P<0.05 vs. sham+vehicle, 1P<0.05 vs. MI+vehicle. bpm: beats per
2 minute, BW: body weight, V: left ventricle.
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Supplemental Table S2. TagMan gene expression assays
Gene Assay-1D Reference sequence =xon Amplicon
boundary length

Atp5b MmO00443967_g1 NM_016774.3 4-5 83
Cox4il Mm01250094_ml NM_009941.2 2-3 116
Cptlb Mm00487191_ml NM 009948.2 8-9 88
Cs Mm00466043_m1 NM_026444.3 1-2 57
Cycs Mm01621048_s1 NM_007808.4 3-3 119
Fabp3 Mm02342495 ml NM 010174.1 3-4 94
Fatpl Mm00449511_ml NM 011977.3 8-9 66
Mdh2 MmO00725890_s1 NM 008617.2 4-4 71
Ndufa2 MmO00477755 g1 NM 010885.4 1-2 81
Ppargcla  Mm01208835_m1l NM _008904.2 7-8 68
Sirtl MmO01168521_ml NM 019812.2 2-3 96
Tfam Mm00447485_ml NM 009360.4 2-3 81
Uqcrc2 MmO00445961 ml NM 025899.2 6-7 84
Gapdh Mm03302249 g1 NM_008084.2 1-1 70
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Supplemental Fig. S1. BDNF expressions in the soleus muscle
Typel
SDH Type I BDNF
o
- ; ’ "
y v '_)‘\“

Representative immunohistochemical staining images for SDH (left panel) and BDNF (right

panel) in the soleus muscle. Scale bar, 100 pm.
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Supplemental Fig. S2. Effect of various dose of rhBDNF on Work

p = 0.025
p=0.182
40-
p = 0.096
- L
~ .
3 ] —r
2 O - ¢
= 20-
o
10 Vehicle 35 10 20
rhBDNF
(mg/kg BW/day)

Exercise capacity (Work to exhaustion) in C57B6/6J mice treated with vehicle or various
dose of rhnBDNF (5, 10, and 20 mg/kg body weight/ day). n=8, 3, 5, and 5. Data are

mean=SD. BW; body weight.
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Supplemental Fig. S3. BDNF expression in the skeletal muscle was decreased in Ml

mice.

BDNF

GAPDH

BDNF/GAPDH
(Ratio to sham)

0.6

0.9 9

0.8 1

Sham

MI

o
-

p <0.001

}

Sham

MI

Representative Western blots and summary data of BDNF in gastrocnemius muscle in Sham

and MI mice. n=7 per group. Data are mean=SD.
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