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Abstract

Post-exercise recovery is essential to resolve metabolic perturbations and promote long-term
cellular remodeling in response to exercise. Here, we report that muscle-generated brain-derived
neurotrophic factor (BDNF) elicits post-exercise recovery and metabolic reprogramming in
skeletal muscle. BDNF increased the post-exercise expression of the gene encoding PPARS
(peroxisome proliferator-activated receptor 8), a transcription factor that is a master regulator of
lipid metabolism. After exercise, mice with muscle-specific Banfknockout (MBKO) exhibited
impairments in PPARS-regulated metabolic gene expression, decreased intramuscular lipid
content, reduced p-oxidation, and dysregulated mitochondrial dynamics. Moreover, MBKO mice
required a longer period to recover from a bout of exercise and did not show increases in
exercise-induced endurance capacity. Feeding naive mice with the bioavailable BDNF mimetic
7,8-dihydroxyflavone resulted in effects that mimicked exercise-induced adaptations, including
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improved exercise capacity. Together, our findings reveal that BDNF is an essential myokine for
exercise-induced metabolic recovery and remodeling in skeletal muscle.

INTRODUCTION

Exercise recovery refers to the time period between the end of a bout of exercise

and the subsequent return to a resting state, which is divided into immediate (<1 h

after exercise), early (1 — 4 h after exercise), and late recovery periods (> 4 h after

exercise) (1, 2). It is an essential physiological process to replenish cellular materials
depleted by exercise, increase protein synthesis for repair and adaptation, and eliminate
reactive oxygen species (ROS) (3). Therefore, insufficient recovery might impede tissue
metabolism and performance (4). Although glycogen content is an energy source that
sustains muscle function, intramyocellular triacylglycerol (IMTG) is equally important for
muscle contraction during exercise. Indeed, IMTG might contribute up to half of the energy
supply for ATP production during exercise (5). Hence, high IMTG without alterations in
insulin sensitivity might benefit muscle performance, which is commonly seen in elite
endurance atheletes (6). In addition to serving as an energy source, muscle TG also functions
as building blocks for membrane phospholipids, which is particularly important for the
regeneration of damaged organelles after exercise (7). Furthermore, increases in fatty acid
(FA) uptake and lipogenesis after exercise is an important process to spare glucose for
glycogen re-synthesis (8). Nevertheless, studies on the molecular mechanisms that govern
post-exercise lipid metabolism are limited when compared with the many reports on the
metabolic changes in muscle during exercise.

After exhaustive exercise, the expression of genes involved in glucose utilization, glycogen
synthesis, FA oxidation (FAO), and fuel selection control is increased in skeletal muscle,
indicating a critical role for transcriptional regulators in post-exercise recovery (9). Because
FA uptake is increased during the recovery period (10), the FA-responsive peroxisome
proliferator-activated receptor (PPAR) family of nuclear hormone factors has been proposed
to be a crucial player in the process (2). PPARs control the transcription of key genes in lipid
transport, p-oxidation, glucose sparing, and uncoupling reactions (1). PPARS is the most
abundant PPAR isoform in skeletal muscle (11) and Ppard expression in muscle induced by
endurance exercise (12, 13) is responsible for shifting fuel utilization from glucose to lipids
(14, 15). In mice expressing a form of PPARS with increased activity due to fusion with the
VP16 activation domain, running capacity is increased (16). Hence, PPARS is considered to
be an essential metabolic sensor and regulator of exercise-induced metabolic changes (1).
However, it remains unknown how PPARS abundance increases in exercised muscle.

In addition to facilitating physical movement, skeletal muscle is recognized to be an
endocrine organ that produces hundreds of secretory proteins (such as myokines) that act
locally on the tissue itself or distally to coordinate systemic metabolism during exercise
(17, 18). Brain-derived neurotrophic factor (BDNF) is an exercise-induced myokine (19,
20). BDNF induces the dimerization and autophosphorylation of its receptor tropomyosin
receptor kinase B (TrkB), which leads to the initiation of three distinct signaling cascades:
phosphoinositide 3-kinase (PI3K)/protein kinase B (also known as Akt), mitogen-activated
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protein kinase (MAPK)/extracellular-signal-regulated kinase (ERK), and phospholipase C
v (PLCy)/cAMP response element-binding protein (CREB) pathways in neurons, which
underlies neuronal functions such as pro-survival gene expression, dendritogenesis, and
long-term potentiation initiation (21). Although the functions of BDNF in the central
nervous system (CNS) are well documented (21), the physiological roles of muscle-derived
BDNF remain incompletely understood, although Bdnfexpression increases in muscles

and CNS after exercise (22). Experiments performed in cultured L6 cells have led to

the proposal that muscle-derived BDNF is responsible for p-oxidation by activating the
AMP-activated protein kinase (AMPK) during exercise (19). We also showed that BDNF
signaling in muscles is essential for FA homeostasis during fasting and high-fat diet feeding
(23-26). Furthermore, BDNF from muscle is an insulin secretagogue that stabilizes blood
glucose concentrations (27), which might explain the stimulatory effect of BDNF on muscle
glucose uptake (28). Together, these findings suggest that muscle-derived BDNF might
play an autocrine role in remodeling the metabolic phenotype of skeletal muscles, but its
functional role in exercise has not been verified. We report here that muscle-derived BDNF
is indispensable for metabolic recovery after exercise and long-term metabolic adaptation to
exercise.

Exercise enhances Bdnf expression in glycolytic muscle, liver, and white adipose tissue

BDNF expression increases in the skeletal muscle of rats and humans after acute exercise
(19, 35), but whether this also occurs in mice has not been explored. Moreover, it

remains unknown if BDNF production in other peripheral tissues is responsive to running
exercise. Therefore, we measured Badnfexpression in various tissues of female mice without
[sedentary (Sed)], during (0 h), and after (1-24 h) a mid-intensity (~60% VO, max)
treadmill running (30). Immediate, early, and late recovery periods were defined as 1 hour, 2
hours, and 6-24 hours after exercise, respectively. Only female mice were examined because
we have found a sex-dimorphic effect of BDNF, such that male mice do not activate BDNF
signaling in muscle in response to fasting (25). Compared with the Sed group, we did

not detect changes in Banfexpression in skeletal muscles during exercise (0 h). However,
Banfexpression significantly increased in the glycolytic myofiber-enriched gastrocnemius
and extensor digitorum longus (EDL) muscles at early and late recovery periods (Fig 1A).
Badnfexpression did not significantly change in oxidative myofiber-rich soleus muscle

after exercise, implying that exercise preferentially elicits BDNF production in glycolytic
myofibers (Fig 1A). In mouse liver and gonadal white adipose tissues (QWAT), Banf
expression was significantly increased throughout the immediate, early, and late recovery
periods but not during exercise (Fig 1A). The effect of acute exercise on Nirk2 (which
encodes TrkB) expression in muscle has not been examined, and increased BDNF synthesis
might act as an autocrine signal to change Nirk2 expression as observed in hippocampal
neurons (36). Nirk2 expression increased in EDL during the late recovery phase but not

in gastrocnemius muscle, soleus muscle, or liver (Fig 1B). Nirk2 expression in gWAT was
significantly increased during exercise, remained elevated throughout the early recovery
periods, and returned to basal level in the late recovery period (Fig 1B). Consistent with

the elevated Badnfexpression in various tissues, serum BDNF content significantly increased
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during the late recovery phase (Fig 1C). Indeed, muscle-secreted BDNF partly contributes
to the pool of BDNF in blood because the circulating BDNF concentration was lower in
muscle-specific Banfknockout (MBKO) mice (16) after exercise (Fig 1D). Hence, our
data suggest that increased expression of Banfin peripheral tissues and elevated circulating
BDNF content are post-exercise responses in mice.

We also analyzed the amount of BDNF protein in the mouse gastrocnemius muscle after
exercise. Aligned with the gene expression data, intramyocellular BDNF content was only
increased during the early-to-late recovery period after a single bout of exercise, which
returned to basal levels after 24 h (Fig 1E). Because BDNF has been proposed to be

an upstream activator of AMPK during exercise (19), we measured the phosphorylation
pattern of AMPK in the mouse muscle. BDNF production was not synchronized with
AMPK phosphorylation because the phosphorylation of Thrl72 in AMPK peaked during
exercise and returned to basal levels in the immediate recovery phase (Fig 1E). The AMPK-
mediated phosphorylation of Ser®® in Unc-51 like autophagy activating kinase (ULK1),
which is important for exercise-induced mitophagy (37), also transiently increased during
exercise and the immediate recovery period (Fig 1E). Consistent with the sequence of events
in autophagosome formation, LC3 lipidation increased after ULK1 activation during the
early recovery period (Fig 1E), which was followed by a reduction in p62 content, which
remained low even after 24 h (Fig 1E).

The elevated production of BDNF in muscle during recovery prompted us to hypothesize
that BNDF might not be responsible for the metabolic changes during exercise but regulates
post-exercise remodeling. We have shown that BDNF is important for maintaining FA
utilization during fasting (25), which is also the major fuel source to replenish IMTG after
exercise (8). Hence, we assessed correlation between the expression of genes involved

in FA metabolism and Banfexpression in exercised muscle. Pak4 encodes pyruvate
dehydrogenase kinase 4, which controls the shift in cellular fuel preference from glycolysis
to FAO by inhibiting the pyruvate dehydrogenase complex (38), and its expression increased
during the early recovery phase (Fig 1F), implying that a shift from glucose to FA utilization
occurs during this period. However, FA in the circulation was transiently increased during
exercise (Fig 1C), suggesting the exogenous source of FA contributes only to the energy
demands of skeletal muscle during exercise (39). Indeed, exercise promotes FA import
from lipoproteins as an additional fuel source (40), which is consistent with the increase in
the expression of Lp/(which encodes lipoprotein lipase) after exercise (Fig 1F). However,
the expression of Ca36 (which encodes FA translocase) slightly decreased during exercise,
but significantly increased in the late recovery period, which returned to basal status after
24 h (Fig 1F). This increase in Cd36 expression may be a compensatory response to
replenish depleted intramyocellular FAs after exercise (Fig 1G). Endurance exercise also
exhausted the IMTG (Fig 1G), which could be restored by the increased expression of
Dgat2 (which encodes diacylglycerol acyltransferase 2) during the late recovery period (Fig
1F). Expression of Cpt1b, which encodes the rate-determining enzyme in FAO, carnitine
palmitoyltransferase I, remained unchanged (Fig 1F). We also analyzed the expression of
genes encoding PPARs, which are key transcription factors for lipid metabolism, and the
PPAR co-activator peroxisome proliferator-activated receptor y co-activator 1-a (PGC-1a;
which is encoded by Ppargcla). Ppargclaexpression increased during the early recovery
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period, and the expression of Ppara (which encodes PPARa) and Apard (which encodes
PPARS), but not that of APparg (which encodes PPARYy), was significantly increased 2 h after
exercise (Fig 1F). Correlation analysis confirmed that Badnfexpression in mouse muscle was
directly proportional to that of Cd36, Cpt1, and Ppard (Fig S1).

Deficiency of BDNF in muscle impairs exercise performance and post-exercise lipid

metabolism

The temporal dissociation of AMPK phosphorylation and Banfexpression in the skeletal
muscle suggested that BDNF might be dispensable for exercise-induced AMPK activation.
Indeed, AMPK activity was comparable in the gastrocnemius of female FI/F/and MBKO
mice during and after running exercise (Fig 2A). However, during an exhaustive running
test, MBKO mice reached a fatigue state more frequently as shown by the greater number
of electrical shocks compared to F//F/ mice (Fig 2B). MBKO mice also had poorer exercise
endurance than F//F/mice in running distance, time, and speed (Fig 2C). Moreover,
MBKO mice had a shorter wire suspension time than £/#/F/ mice during the four-limb
hanging test (Fig 2D), further confirming their fatigue-prone phenotype. To further support
the importance of BDNF in muscle recovery after exercise, mice were subjected to two
consecutive exhaustive tests with a 6 h recovery in between, which is sufficient to replenish
the IMTG in normal mice (41). Although F//F/ mice displayed no reduction in running
endurance after the first test, the running capability of MBKO mice was significantly
reduced in the second test (Fig 2E), suggesting that BDNF in muscle is crucial to recovery
of muscle performance after exercise.

Although MBKO muscle had a small amount of centrally nucleated and swelled myofibers
(Fig S2A), the total lean mass of MBKO mice was comparable to that of F//F/mice

(Fig S2B). Moreover, MBKO and FI/F/ gastrocnemius muscle had similar oxidative and
glycolytic myofiber composition (Figs S2C and S2D). Hence, the functional impairment in
the muscle of MBKO mice could be due to metabolic defects. To test this hypothesis, we
compared the expression of metabolic genes in the muscle of FI/F/and MBKO mice after a
single bout of exhaustive exercise. This single bout of exercise did not alter the expression
of key enzymes in glucose metabolism [ Gys3 (which encodes glycogen synthase) and Prfkm
(which encodes 6-phosphofructokinase)] and FAO (Cpt1b) in either genotype (Fig 2F). In
contrast, acute exercise promoted the expression of Cd36, Lp/, and Dgat2in FI/F/ muscle but
not MBKO muscle during the late-recovery period (Fig 2F). In association with the impaired
expression of these metabolic genes, MBKO muscle had lower TG and FFA content than
FI/FI muscle after exercise (Fig 2G). Together, these data suggest that FFA transport across
the sarcolemma and intramyocellular lipogenesis during recovery may be impaired in the
absence of BDNF in muscle.

BDNF modulates lipid metabolism in skeletal muscle through PPARS

To verify that the defective metabolic reprogramming in the muscle of exercised MBKO
mice is caused by the ablation of the autocrine activity of BDNF, we first tested if

BDNF stimulation induced the expression of metabolic genes in cultured myotubes. BDNF
stimulation upregulated the expressions of Cd36, Lpl, Ppargcla, and Prkn [which encodes
Parkin, a critical mitochondrial ubiquitin ligase for mitophagy induction (42)] in C2C12
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myotubes (Fig 3A). In contrast, infection of C2C12 myotubes with adenovirus carrying
shRNA directed against Banf(Ad-shBDNF) (26) significantly reduced the expression

of Lpl, Acadl (which encodes acyl-CoA dehydrogenase), Cpt1b, Cpt2, and Prkn (Fig

3B), providing support for an autocrine role of BDNF in stimulating FA uptake, p-
oxidation, and mitophagy through inducing changes in gene expression. Consistent with the
downregulation of the expression of genes involved in FA uptake, Bdnfknockdown reduced
lipid accumulation (Fig 3C), reminiscent of the lower FA content in the gastrocnemius
muscle of exercised MBKO mice (Fig 2G). We also found that Ppard expression was
decreased in BDNF-depleted myotubes (Fig 3B) and in the muscle of exercised MBKO
mice (Fig 3D) but was increased in C2C12 myotubes stimulated with BDNF (Fig 3E),
further supporting the notion that BDNF stimulates PPARS in muscle. Neither Banf
depletion (Fig 3B) nor BDNF stimulation (Fig 3E) changed the expression of the genes
encoding PPARa or PPARYy, indicating an isoform-specific effect for BDNF. We have
previously shown that BDNF activates AMPK in skeletal muscle through CaZ*/calmodulin-
dependent protein kinase kinase 2 (CaMKK?2) (26). Knockdown of CamkkZ (Figs 3F and
G) or pharmacologically inhibiting CaMKK2 activity with STO-609 (Fig 3H) significantly
blocked the BDNF-induced increase in Apard expression in C2C12 myotubes. This effect
was not seen with the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin (Fig 3H),
suggesting CaMKK?2 is a critical signaling molecule in the BDNF pathway that controls
Ppard expression.

Because the expression of some PPARS target genes such as Cpt1b, Lpl, and Acadl (43) was
reduced in BDNF-depleted C2C12 myotubes (Fig 3B), we suspected that BDNF controlled
the expression of these metabolic genes by activating PPARS. Indeed, treating C2C12
myotubes with the selective PPARS inhibitor GSK3787 (44) abolished the stimulatory effect
of BDNF on the expression of PPARS target genes, including Pdk4, Acadl, Cpt1b, and
Ppargcla (Fig 31). GSK3787 also diminished basal and BDNF-induced Apard expression
(Fig 3I), which corroborated the auto-regulatory activity of PPARS in muscle (45). In
addition, PPARS inhibition by GSK3787 in C2C12 myotubes also attenuated the BDNF-
induced increases in the abundance of proteins involved in mitochondrial biogenesis and
mitophagy, including PGC-1a, the mitochondrial voltage-dependent anion-selective channel
(VDAC), and mitochondrially-tethered parkin and LC3-I1 (Fig 3J).

Because PPARS promotes a metabolic switch from glycolysis to FAO by enhancing

Pdk4 expression (38, 46), the low Pdak4 expression in Ad-shBDNF-infected myotubes
might alter lipid and glucose utilization. As anticipated, metabolic phenotyping analysis
revealed that, compared to control cells, Banf-depleted myotubes had a higher extracellular
acidification rate (ECAR, an indicator of glycolysis), as well as a statistically

insignificant decrease in oxygen consumption rate [OCR, an indicator of oxidative
phosphorylation] (Fig 3K). The lower OCR/ECAR ratio of Bdnf-depleted myotubes
further demonstrated their metabolic reliance on glycolysis (Fig 3L). The Badnfdepleted
myotubes also had impaired mitochondrial capacity as demonstrated by the smaller OCR
increase when stressed with the ATPase inhibitors oligomycin and protonophore 2-[2-[4-
(trifluoromethoxy)phenyl]hydrazinylidene]-propanedinitrile (FCCP) (Fig 3L). In contrast
to control myotubes, Banf-depleted myotubes did not significantly increase ECAR upon
inhibition of mitochondrial ATP synthesis by oligomycin and FCCP (Fig 3L), demonstrating
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an impairment in cellular oxidative-to-glycolytic transition in the absence of BDNF.
However, BDNF stimulation resulted in a slightly higher basal OCR/ECAR ratio in
Badnf-depleted myotubes, which became significant when the cells were stressed by
oligomycin and FCCP (Fig 3M). This increase in OCR/ECAR ratio was abolished in

the presence of GSK3787, further supporting a role of PPARS in the BDNF-mediated
glycolytic-to-oxidative transition (Fig 3M). Together, our data indicate that BDNF promotes
the expression of Ppardto reprogram gene expression for lipid metabolism, fuel selection,
and mitochondrial activity in muscle.

BDNF production in muscle is required for exercise-improved muscle endurance

Chronic training upregulates Ppard expression in glycolytic myofiber-enriched muscle (12)
and increases performance in mice with a muscle-specific deletion of Ppardto only 50% of
that in control mice (14). We speculated that the compromised PPARS signaling in MBKO
mice might suppress their responses to chronic exercise training. To test this hypothesis,
mice were subjected to a previously reported 4-week training protocol that is effective in
improving muscle endurance in mice (30). Although F//F/ mice gradually received fewer
electrical shocks with each training session, MBKO mice required more electrical shocks

to finish the workout (Fig 4A), suggesting exercise training successfully promoted the
endurance capacity of F//F/mice but not that of MBKO mice. In support of this notion, only
FI/FI mice showed improvements in total running time, total running distance, and maximal
running speed (Fig 4B). Moreover, exercise training improved hanging time in the four-limb
hanging test in F//F/ mice, but not in MBKO mice (Fig 4C), further confirming the lack of
exercise-induced functional improvement in MBKO muscle. The increased exercise capacity
in the trained F/#/F/ mice was not a result of myofiber composition remodeling because the
expression of markers for oxidative (My#h7) and glycolytic (Myh4 and MyhI) myofibers
were not altered (Figs S2C and S2D). Collectively, our data suggest that the presence of
BDNF in muscles is essential for exercise-improved endurance performance.

Chronic endurance training does not promote metabolic reprogramming in the muscle of

MBKO mice

To verify if muscle-generated BDNF is required in chronic exercise-induced metabolic
remodeling, we examined the expression of key genes in lipid and glucose metabolism (Fig
4D). BDNF was dispensable to basal Ppard expression in vivo because Ppard expression
was similar in MBKO and FI/FImuscle (Fig 4E). However, chronic exercise failed to
induce Ppardexpression in the skeletal muscle of MBKO mice, implying that BDNF

is only important for exercise-induced Ppard expression (Fig 4E). The expression of

genes encoding enzymes involved in glycogenolysis [PygmZ, which encodes glycogen
phosphorylase], glycogenesis (Gys), and glycolysis (Pfkm) was not affected by aerobic
exercise training or the absence of Banfin muscle (Fig S3). Exercise training did not

alter intramyocellular glycogen content in either genotype (Fig 4F). In contrast, we found
that the expression of PPARS-regulated genes encoding enzymes for FA uptake (Lp/and
Cd36) and intracellular FA transportation [Fabp3 (which encodes fatty acid binding protein
3)] was increased in exercise-trained FI/F/mice, but not in MBKO mice (Fig 4E). In
association with the elevated FA uptake and utilization, exercise training resulted in a
higher intramyocellular concentration of FFA in the muscle of F//F/mice but not in that
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of MBKO mice (Fig 4F), suggesting BDNF in muscle is essential to exercise-induced FA
accumulation. Chronic exercise also promoted the expression of Acadl, Cptib, and Cpt2in
the muscle of FI/F/mice, but not in that of MBKO mice (Fig 4E). This finding implied that
exercise training failed to improve FAO capacity in the muscle of MBKO mice, a notion
that was further supported by a reduced ability to oxidize 14C-labelled palmitic acid (PA)
(Fig 4G). Moreover, chronic exercise increased the expression of lipogenesis-promoting
genes (Acs1, which encodes acyl-CoA synthase) and Dgat2 (Fig 4E). However, the exercise-
induced increases in lipogenic gene expression were not seen in the muscle of MBKO mice,
which was consistent with their lower IMTG content (Fig 4F). The expression of Pdk4 was
also significantly enhanced only in the muscle of F//F/mice after exercise training (Fig

4E), implying that fuel selection in MBKO muscle might be disrupted. Together, our data
indicates that BDNF in muscle is an important factor in promoting chronic exercise-induced
functional improvement and metabolic changes in skeletal muscle.

Exercise-induced mitochondrial remodeling is impaired in the muscle of MBKO mice

Consistent with the ability of endurance exercise training to increase mitochondrial content
in skeletal muscle (47) and the requirement for PPARS to chronic exercise-induced
mitochondrial biogenesis (16), the muscle of exercise-trained F//F/ mice had increased
abundance of the mitochondrial proteins succinate dehydrogenase (SDHA) and VDAC
(Fig 5A), which was associated with greater expression of various genes important for
mitochondrial biogenesis, including Ppargcla (Fig 5, A and B), 77fam (which encodes
mitochondrial transcription factor A) and AirfZ (which encodes nuclear respiratory factor 1)
(Fig 5B). In contrast, exercise training did not alter the protein abundance or the expression
of genes encoding mitochondrial biogenesis regulators in the muscle of MBKO mice (Fig
5B). Exercise training also increased PPARS protein amounts in F//F/ muscle, but not
MBKO muscle (Fig 5A).

In addition to the augmented mitochondrial protein content, exercise training also switched
mitochondrial morphology from discrete globules to interconnected reticulum in the skeletal
muscle of FI/F/mice (Fig 5C). In contrast, mitochondria in the muscle of exercise-trained
MBKO mice retained a punctate morphology as evidenced by the large clusters of Tom20-
positive puncta (Fig 5C). Electron microscopy analysis further showed that MBKO muscle
contained more abnormal mitochondria that spanned a full sarcomere (Figs 5D and 5E).
Moreover, mitochondria were larger in MBKO muscle than in F//F/ mice, and the size
increase was exacerbated after repetitive exercise training (Fig 5E).

Mitochondrial structure is highly plastic and undergoes regulated fusion, fission, and
mitophagy in response to different stresses (48). Chronic exercise improves mitochondrial
quality by regulating mitochondrial dynamics (49). To determine whether the abnormal
mitochondrial architecture in exercise-trained MBKO mice may be the result of defective
mitochondrial dynamics, we examined the key markers of autophagy, mitochondrial fusion,
mitochondrial fission, and mitophagy. Although chronic exercise training in FI/F/ mice
enhanced the phosphorylation of Thrl72 in AMPK and Ser®% in ULK1, key events in acute
exercise-initiated autophagy (37), these phosphorylation events were reduced in MBKO
mice (Fig 5A). LC3 lipidation in the muscles after exercise training was also lower in
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MBKO mice than in FI/F/mice (Fig 5A). Similarly, exercise training also increased the
amount of Parkin in FI/F/ muscle but not in MBKO muscle (Fig 5A). The diminished Parkin
abundance found in MBKO muscle may be due to impaired PPARS activation because
inhibiting PPARS with GSK3787 blocked the BDNF-induced increase in Prkn expression
(Fig 3F). In contrast, exercise training in MBKO mice induced a robust accumulation in
muscle of full-length PTEN-induced kinase 1 (PINK1), a mitochondrial serine/threonine-
protein kinase that is crucial for Parkin tethering to damaged mitochondria (50), an effect
not seen in FI/F/ muscle (Fig 5A). The increase in PINK1 abundance in MBKO muscle
could be a compensatory response to the low Parkin level. The phosphorylation of Ser616 in
dynamin-related protein 1 (DRP1), an activation marker of mitochondrial fission (51), was
significantly increased in FI/F/ muscle after exercise training. This finding, when combined
with the increased Parkin abundance in muscle, support the view that mitochondrial fission
and mitophagy are functionally coupled (52). In contrast, exercise failed to induce the
phosphorylation of Ser®16 in DPR1 in MBKO mice (Fig 5A), suggesting compromised
exercise-induced mitochondrial fission. AMPK-mediated phosphorylation of Serl46 in
mitochondrial fission factor (MFF), a mitochondrial membrane protein that recruits DRP1
to the mitochondria (53), was also enhanced by exercise training in F//F/ muscle but not in
MBKO muscle (Fig 5A). We also examined the amount of key mitochondrial fusion factors,
mitofusin 1 (MFN1), mitofusion 2 (MFNZ2), and optic atrophy protein 1 (OPA1) (54).
Although exercise training increased MFN1 accumulation in the muscle of both genotypes
(Fig 5A), exercised MBKO muscle accumulated more MFN2 and OPAL (Fig 5A), which
could underlie mitochondrial enlargement (Fig 5C). Together, our data demonstrate that
muscle-generated BDNF promotes changes in gene expression and protein abundance that
may underlie endurance exercise-induced mitochondrial biogenesis, mitochondrial fission,
and mitophagy.

Consumption of a BDNF mimetic enhances exercise performance

To provide further evidence for the importance of BDNF signaling in muscle for exercise-
mediated metabolic adaptation and muscle performance, we mimicked the exercise-induced
BDNF secretion in muscle by feeding C57BL/6 mice with the bioavailable BDNF mimetic
7,8-DHF, which activates TrkB and AMPK signaling in cultured myotubes and mouse
muscle (23, 24, 55). WT C57BL/6 mice administrated 7,8-DHF ad libitum for 3 months
showed significant increases in total running distance, total running time, maximal running
speed (Fig 6A), and hanging ability (Fig 6B), suggesting 7,8-DHF can boost muscle
endurance. In contrast, 7,8-DHF treatment did not alter individual muscle mass, myofiber
composition (Fig S4, A and B), or muscle strength (Fig 6C). Consistent with our previous
report that 7,8-DHF increases mitochondrial biogenesis in C2C12 myotubes (24) (26),
7,8-DHF-treated mice had increased abundance of mitochondrial proteins such as SDHA in
their muscles (Fig 6D), which was associated with enhanced expression of Arfl, Tfam, and
Ppargcla (Fig 6E). We also detected increases in AMPK phosphorylation and LC3 lipidation
but a decrease in p62 content in the muscle of 7,8-DHF-treated mice (Fig 6D), suggesting
that autophagy was augmented. The muscle of 7,8-DHF-treated mice showed increased
phosphorylation of Ser®16 in DRP1, suggesting that 7,8-DHF consumption could enhance
mitochondrial fission in skeletal muscle (Fig 6D). Moreover, increased Parkin abundance
suggested enhanced mitophagy in the muscle of 7,8-DHF-treated mice (Fig 6D). In addition,
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7,8-DHF treatment significantly increased the amount of PPARS in muscle (Fig 6D), which
was associated with augmented expression of the metabolic genes in FA mobilization (Cd36
and Fabp3), p-oxidation (Acadland Cpt1b), and metabolic flexibility (Pdk4) (Fig 6E).
Lastly, we tested if chronic consumption of 7,8-DHF rescued the functional impairment of
MBKO muscle. As anticipated, the impairments in running time, total running distance,

and maximal running speed of MBKO mice were attenuated after 7,8-DHF treatment for

3 months, and their exercise performance became comparable to that of naive FI/F/ mice
(Fig 6G). Together, our results indicate that 7,8-DHF treatment may be sufficient to enhance
metabolic remodeling and muscle performance in normal mice.

DISCUSSION

Although regular exercise has widespread health benefits for nearly all systems in the
body, it also induces metabolic stresses, which include high ATP demand, depletion of
glycogen and lipid reserves, and elevated ROS production (56). These stresses are resolved
by increasing metabolic flux and regulating metabolic gene expression after exercise. PPARs
partially contribute to these adaptations (14, 15). Because PPARS activity is also essential
to maintaining FA uptake (57), it seems logical to hypothesize that PPARS plays a role

in post-exercise IMTG recovery. Intramyocellular FAs have been suggested to induce
Ppard expression, but this hypothesis is contradicted by FA incubation failing to alter
Ppard expression in cultured myotubes (12, 41). Hence, the upstream factor that promotes
Ppard expression after exercise remains unknown (12, 58). In this study, we found that
post-exercise synthesis of BDNF was crucial for inducing Ppard expression in female
mice to maintain metabolic homeostasis. Pharmacological inhibition of PPARS activity in
myotubes abolished the stimulatory effect of BDNF on the expression of genes involved in
FA uptake, lipogenesis, FAO, and metabolic flexibility (Fig 3I), suggesting PPARS is the
major downstream effector of BDNF for regulating lipid metabolism in skeletal muscle.
Consistent with this notion, exercise failed to induce the expression of Ppard or that

of its downstream targets in MBKO muscle (Fig 4E), which might explain the delayed
functional and metabolic recovery in muscle after repetitive exercise challenge (Figs 2E, 2G
and 2F). The expression level of Ppardwas comparable in the muscle of sedentary FI/F/
and MBKO mice (Figs 3D and E), which conflicts with the lower Ppard expression after
Badnfknockdown in C2C12 myotubes (Fig 3B). The enhanced production of other PPARS
stimulators, such as fibroblast growth factor 21 (FGF21) (25, 59), might compensate for
the loss of basal BDNF-induced Ppard expression in MBKO mice. The secretion of BDNF
from non-muscle cells, such as motor neurons and immune cells, might also contribute

to maintaining basal Ppard expression (60, 61). Nevertheless, the production of BDNF

in muscle is essential to acute and chronic exercise-induced Apard expression (Figs 3D
and 4E). Together with the findings that Banfdepletion in C2C12 myotubes suppresses
mitochondrial respiration only upon FA overload (26) and that mitochondrial lipid oxidation
in muscle is impaired by fasting in MBKO mice (25), BDNF production in muscle might
be a protective mechanism against various metabolic stresses but may not be involved in
maintaining basal metabolic activities.

The cumulative effect of transient changes in gene transcription during post-exercise
recovery from each exercise session is critical to long-term cellular adaptation elicited by
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exercise training (9). Bdnfdeficiency in muscle compromises exercise training-induced
changes in the expression of genes involved in remodeling mitochondrial structure, p-
oxidation, and metabolism, which is associated with failure to improve endurance (Figs 4E
and 5C-E). However, chronic activation of BDNF-TrkB signaling by 7,8-DHF is sufficient
to enhance exercise endurance and the expression of genes involved in mitochondrial
dynamics and lipid metabolism (Figs 6A—F). The failure of exercise training to induce
metabolic gene expression in MBKO muscle could be attributed to inactivation of PPARS
signaling. Because PPARS is also important in promoting the expression of PGC-1a (the
master regulator of mitochondrial biogenesis) in skeletal muscle and heart (62, 63), the
reduced amount of PPARa in MBKO muscle might explain the lower amounts of proteins
involved in mitochondrial biogenesis in the tissue (Fig 5A-B). In agreement with this
notion, we showed that BDNF failed to induce Ppargclaexpression when PPARS was
inhibited in vitro (Fig 31). However, whether the impaired PPARS signaling in the MBKO
muscle is involved in the dysregulated mitochondrial fission remains uncertain because
the role of PPARS in skeletal muscle mitochondrial dynamics has not been convincingly
confirmed. We demonstrated that BDNF promoted Prkn expression through PPARS (Fig
31), suggesting the PPARS could transcriptionally regulate mitochondrial dynamics. In
support of this notion, PPARS promotes Mfn2 expression in cardiomyocytes (64), and
pharmacological activation of PPARS triggers mitophagy to ameliorate mitochondrial
damage in astrocytes (65). Given the role of dysregulated mitochondrial dynamics in
myopathies (66), further study is warranted to uncover the role of PPARS in mitochondrial
quality maintenance.

Although BDNF in muscle controls lipid homeostasis during fasting (25) and after exercise
(Figs 2E-G and 4E-G), it is also responsible for promoting mitochondrial clearance because
suppressing Badnfexpression causes the accumulation of defective mitochondria in obese
muscle (26). Hence, it is reasonable that MBKO mice have more faulty mitochondria in
muscle after exercise training, which is associated with reduced abundance of proteins
involved in mitochondrial fission and mitophagy (Fig 5A). In contrast to the enhanced
PINK1 cleavage in the muscle of MBKO mice fed a high-fat diet (26), more full-length
PINK1 was retained in MBKO muscle after exercise training (Fig 5A). Moreover, less
Parkin was found in MBKO muscle than in FI/F/ muscle after repeated bouts of exercise,
but the amount of Parkin is comparable between the two genotypes after high-fat diet
feeding (26). BDNF might activate distinct intracellular pathways to modulate mitochondrial
behavior in response to different metabolic challenges. Given the role of BDNF in the
energy homeostasis in exercise and fasting, it is tempting to suggest that enhanced BDNF
production is key to synergy between fasting and aerobic exercise training in body weight
reduction and muscle endurance improvement as reported in obese subjects (67, 68).

BDNF in muscle is an exercise-responsive gene. BDNF production has been suggested to
promote FAO by activating AMPK during exercise (19). However, our findings suggest that
Banfexpression and AMPK activation were uncoupled because AMPK phosphorylation and
BDNF production in muscle were not temporally linked (Fig 1E) and AMPK activity was
comparable in FI//F/and MBKO mice during exercise (Fig 2A). Similar to mice, AMPK
activation occurs during exercise in rat and human muscle, but the expression of BDNF

in muscle is a post-exercise response (19, 35, 69), further supporting that BDNF is not

Sci Signal. Author manuscript; available in PMC 2024 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chanetal.

Page 12

upstream of AMPK in exercising muscles. Other signaling factors, such as Ca?*-calmodulin
kinases (70-72) and increases in intracellular AMP levels (73), may be more prominent
inducers of AMPK activation in contracting muscle. Although AMPK phosphorylation was
slightly reduced in the muscle of exercise-trained MBKO mice (Fig 5A), this effect might
be a consequence of lower PPARS activity because activation of PAPRS promotes AMPK
phosphorylation (74-76). Nevertheless, although BDNF is unquestionably an upstream
regulator of AMPK in many tissues (19, 77, 78), a functional link between BDNF and
AMPK in muscle might be more critical in counteracting nutritional stresses such as fasting
and obesity (25, 26).

MBKO mice have lower exercise capacity than F//F/mice even after exercise training (Figs
2B-D and 4A-C). This observation contradicts the report that Banfablation in muscle
results in type 11B-to-type 11x myofiber transition and augments running performance (79).
It is not clear why opposite phenotypes were detected in MBKO mice from different
sources, but our conclusion that BDNF is beneficial for exercise performance aligns with
several other reports. Firstly, chronic exercise training rewires the metabolic machinery
towards a higher reliance on FAO in skeletal muscle, which is associated with improved
endurance performance (80), which agrees with our finding that BDNF stimulation promotes
FAO (25) and reprograms metabolic gene expression by inducing Ppard expression to

favor lipid oxidation (Figs 31-J and 4E). Secondly, we and others have shown that BDNF
signaling stimulates mitochondrial biogenesis (81-83), which positively correlates with
exercise capacity (84). Thirdly, administering recombinant BDNF in mice for 5 weeks
increases exercise capacity and the expression of genes involved in lipid catabolism (77),
which agrees with our results using a BDNF mimetic (Fig 6A—F). Lastly, the BDNF/TrkB
signaling pathway is a crucial mechanism for exercise-induced rescue of muscle dysfunction
in animals with heart failure (85).

The efficacy of exercise-induced Bdnfexpression between sexes has not been compared.
Indeed, sex-dimorphic effects are common with many BDNF-promoted neurological
activities, such as pain sensation and stress response (86, 87). We have shown previously
that fasting promotes Bdnfexpression in muscle exclusively in female mice (25).
Consequently, Banfmuscle ablation changes body weight and lipid metabolism only in
female mice (25, 26). A comparison of the exercise-induced skeletal muscle proteome
showed no differences in BDNF protein abundance in the vastus lateralis muscle between
men and women (88). These discrepancies could be caused by differences in the exercise
protocols used. Pparexpression shows sexual dimorphism in humans, such that women

have higher Ppardand Ppara expression in muscle, suggesting women might have higher
pre-translational abundance of the genes responsible for lipid metabolism downstream of
PPARs (89). This finding might explain the higher FA mobilization in women during
endurance exercise (90). Moreover, women have a higher post-exercise recovery rate of lipid
content, which is supported by decreased loss of fat mass in women compared to men during
physical training (91). It is tempting to hypothesize that the BDNF-PPARS signaling in

the skeletal muscle might play a more critical role in females to maintain constant energy
substrate stores during recovery from exercise.
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In summary, our results indicate that BDNF is a crucial myokine for exercise-induced
changes in gene expression that support metabolic reprogramming, mitochondrial
remodeling, and recovery in skeletal muscle by activating the CaMKK2-PPARS cascade
(Fig 7). Hence, chronic activation of the BDNF signaling in the skeletal muscle will not
only ameliorate the health condition of obese subjects (24, 26) but also improve exercise
endurance in normal individuals.

MATERIALS AND METHODS

Chemicals

Animals

Recombinant human BDNF protein (GF029) was purchased from Merck. 7,8-DHF (TCI
D1916) was purchased from Tokyo Chemical Industry Co., Ltd. The PPARS inhibitor
GSK3787 (ab144575) was purchased from Abcam. Antibodies against BDNF (ab108319),
PGC-1la (ab54481), MFN1 (ab104274), myosin heavy chain I1x/b (ab91506) were obtained
from Abcam. Antibodies against AMPKa phosphorylated at Thrl72 (2535S), ULK1
phosphorylated at Ser®>® (5869), ULK (8054), LC3A/B (12741P), p62 (5114S), SDHA
(11998), VDAC (4661), Parkin (4211), PINK1 (6946), DRP1 phosphorylated at Ser616
(4494), DRP1 (8570), MFF phosphorylated at Ser'46 (49281), MFF (84580), MFN2
(11925), OPAL1 (80471), Tom 20 (42406) were ordered from Cell Signaling Technology.
Anit-AMPKa (sc-25792) was purchased from Santa Cruz Biotechnology. Anti-Tubulin
(T6074) and anti-myosin heavy chain type | (MAB1628) were obtained from Sigma-
Aldrich. The sSiGENOME siRNA pool against mouse CamkkZ2was purchased from Horizon
Discovery (USA). Control adenovirus (Ad-Ctr) (VB161026-1127kyf) and Ad-shBDNF were
customized by GeneScript as previously reported (29).

BDNF Fl/FI mice containing loxP sequences that flank the Badnfexon 1X were purchased
from the Jackson Laboratory (004339). MBKO mice were generated by crossing BDNF
FI/FI mice with transgenic mice carrying a Cre gene regulated by the human a-skeletal actin
promoter (006149, the Jackson Laboratory) as reported (25). Genotypes were confirmed

by PCR using genomic DNA extracted from the tail. All experimental procedures on mice
were approved by the Committee on the Use of Live Animals in Teaching and Research
(CULATR) of the University of Hong Kong. Mice were kept in a standard housing area with
a 12-hour light/dark cycle and ad libitum access to a chow diet and water. Due to the sex
dimorphic action of BDNF in muscle metabolism (25, 26), only female mice were used for
experiments when they reached 3 months of age. Their whole-body weight, fat mass, and
lean mass were measured by NMR (Bruker). At the end of the experiments, animals were
euthanized by an anesthetic overdose, and the tissues were snap frozen in liquid nitrogen.
Parts of the tissues were fixed in 4% paraformaldehyde for histological analysis.

Exercise training protocol

Mice were randomly designated to either a non-trained group or an exercise-trained group.
Mice in the exercise-trained group were subjected to treadmill training, which were trained
at a speed of 12 m/min at a slope of 0° for 5 consecutive days/week for 4 weeks as
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previously reported (30). The number of electrical stimulations during the training was
recorded every day to assess the animal’s fatigue level.

Endurance capacity test, grip strength test, and four-limb hanging test

One day before the exercise test, the mice were placed on the non-operating treadmill for 30
mins to become familiar with the sight and smell of the apparatus and the exercise training
room. Then, the treadmill was turned on at a low speed (9.6 m/min) to allow the mouse to
walk/run slowly for two 15-minute sessions separated by a 5-minute break. On the day of
the test, the mice were placed on the treadmill to warm up at a speed of 10 m/min for 10
min. Mice were exercised to fatigue by increasing the treadmill speed for 1 m/min every 3
min until the animal was exhausted. The exhaustion of an animal was judged by its refusal
to run on the treadmill belt and stay in the shock grid for more than 10s. The highest speed,
total running time, total running distance, and the number of electrical stimulations were
calculated.

The mouse grip strength was measured by a grip strength meter (BIO-GS3, BIOSEB).

All four limbs of a mouse were placed on the grid before the measurement, and the tail
was pulled horizontally until all four limbs came off the grid. The maximum grip force
was recorded by the meter. Five replicate measurements were taken from each mouse
continuously without a break, and the average grip strength was calculated for comparison.

In the four-limb hanging test, mice were hung up-side-down from a wire grid placed at 20
cm above the ground, and their hanging time was recorded. Three replicate measurements
were made for each mouse, and the mouse was allowed to rest for 1 minute between each
trial. The maximum time in all trials was used for comparison.

7,8-DHF feeding

The 7,8-DHF solution was prepared by dissolving 0.13 g/L 7,8-DHF in distilled water and
was stirring overnight at room temperature. pH was adjusted to 7.6-7.8 by adding 1M
NaOH. The solution was sterile-filtered and was given to female C57BL/6 mice ad libitum
for 3 months (24).

Tissue and blood metabolite analysis

Muscle tissues were snap frozen in liquid nitrogen upon collection, and serum samples

were prepared by centrifuging the coagulated blood at 2000 x g for 20 minutes. The

content of TG, free FA, and glycogen concentrations were determined using the Triglyceride
Colorimetric Assay Kit (10010303), Glycogen Assay Kit (700480), and Free Fatty Acid
Quantification Colorimetric/Fluorometric Kit (700310), respectively, according to the
manufacturer’s (Cayman) instructions. Serum BDNF was determined by PicoKine ELISA
(EK0309, Boster Biological Technology).

Real-time PCR

Total RNA from tissue and cells was extracted using RNAiso Plus reagent (9109, Takara).
Complementary DNA was synthesized using iScript™ Advanced cDNA Synthesis Kit
(1725038, Bio-Rad) with oligo (dT) primer according to the manufacturer’s instructions.
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Real-time PCR was performed using iTaq" Universal SYBR® Green Supermix (1725124,
Bio-Rad) and detected by the LightCycler® 96 Instrument (Roche Life Science). Gene
expression was normalized to Rp/7 gene, which encodes ribosomal protein L7 and is an
optimal housekeeping gene for myocytes (31). Primer sequences used in real-time PCR are
listed in Supplementary Table 1.

Fatty Acid oxidation

The 14C-palmitate oxidation assay was performed as previously described (32). Freshly
isolated gastrocnemius muscle was minced in STE Buffer (0.25M sucrose, 10mM Tris-HCI,
1mM EDTA, pH 7.4) and homogenized on ice by a Dounce homogenizer. After centrifuging
the tissue lysate at 450 x g for 10 minutes, intact mitochondria were collected in the
supernatant. The Bradford assay was used to normalize mitochondrial amounts between
samples. Lysates were incubated with 7% BSA-coupled 14C-palmitate (0.4 uCi per reaction,
NECQ075H050UC, Perkin Elmer) at 37°C for 30 minutes with frequent mixing. The reaction
was quenched by adding 1 M perchloric acid, and the 14CO, released was captured by

1M NaOH-saturated Whatman paper disc. The amount of 14CO, in the paper disc was
determined by scintillation counting.

AMPK activity

AMPK activity in the skeletal muscle was determined using the CycLex AMPK kinase
Assay Kit (CY-1182, MBL International) as previously reported (33).

Cell culture and subcellular fractionation

C2C12 cells were purchased from the American Type Culture Collection (ATCC). Before
differentiation, C2C12 myoblast was cultured in complete growth medium [15% calf
serum (16010159, Thermo Fischer Scientific), 5% fetal bovine serum (SV30160.03,
Cytiva) penicillin (100 1U/ml) and streptomycin (100 pg/ml) (SV30010, Cytiva) in DMEM
(12800017, Thermo Fischer Scientific)]. For differentiation into myotubes, the cells were
grown to 100% confluency before being switched to differentiation medium [2% horse
serum (16050130, Thermo Fischer Scientific), penicillin (100 1U/ml), and streptomycin
(100 pg/ml) in DMEM]. The differentiation medium was changed daily for 4 days until
C2C12 cells fused into long myotubes. Mitochondria in C2C12 myotubes were isolated as
previously reported (34). Briefly, the cells were homogenized using a glass douncer, then
serially centrifuged at 800 x g for 15 min and 11,000 x g for 10 min at 4 °C. The pellet was
suspended in lysis buffer and used for immunoblotting.

Oil Red O staining

An identical number of C2C12 myoblasts (2x108/well) were seeded in a 6-well plate

and fully differentiated into myotubes. After adenovirus infection, cells were fixed in 4%
paraformaldehyde and stained with Oil Red O (00625, Sigma) solution for 4 h. After
washing with PBS, Oil Red O was dissolved in isopropanol and added to cells, which were
measured at O.D. 490 nm.
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Immunoblotting

Tissues and cells were lysed in low-salt lysis buffer (50mM Tris-base (pH 7.4), 40mM NacCl,
1mM EDTA, 50mM NazgVOy, 10mM NayP,07, 10mM, C3H7NayOgP, 0.5% Triton X-100)
and centrifuged. Protein concentrations were determined by the Bradford assay. Proteins
were separated by SDS-PAGE before being transferred to a nitrocellulose membrane

using the Trans-Blot Turbo Transfer System (1704150, BioRad). After blocking with

5% skim milk or 3% BSA for 1 h at room temperature, membranes were blotted

with primary antibodies at 4°C overnight. The next day, membranes were blotted with
horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature.
Chemiluminescence signals were developed using UltraScence Pico Ultra Western Substrate
(CCH345-B600ML, Bio-Helix) and visualized in a G:BOX Chemi XRQ Imager (Syngene).
Band intensity was measured with ImageJ (NIH). When the number of protein samples
analyzed exceeded the capacity of a single SDS-PAGE gel, they were resolved in 2

gels. These gels underwent transfer and immunoblotting procedures simultaneously and
chemiluminescence signals were determined by the same imager together.

Immunofluorescence staining and electron microscopy

Immunofluorescence staining was done in 6 pm paraffin-embedded muscle sections. After
deparaffinization and rehydration, slides were boiled in 10 mM citric acid (pH 6.0) for
antigen retrieval. Slides were permeabilized and blocked with blocking solution (1% BSA,
0.2% Tween-20, 0.3M glycine, 10% goat serum in PBS) for 1 h at room temperature. The
slides were then stained overnight with anti-Tom20 antibodies. The next day, the slides
were incubated with Alexa Fluor 488 Goat anti-Rabbit 19G (H+L) (A11008, Thermo Fischer
Scientific). DAPI (14564, Affymetrix USB) was used to stain nuclei. Tissue sections were
mounted with Fluoromount-G® Mounting Medium (0100-01, SouthernBiotech). Images
were captured by the confocal microscope with a 60X magnification objective lens (Carl
Zeiss LSM 880). Two to three images were taken from each animal sample, and images
representative of 3 different mice for each genotype were shown. For electron microscopy,
gastrocnemius muscles were fixed overnight in 4% paraformaldehyde, cut, and stored in
2.5% glutaraldehyde (GTA) buffer. The tissues were scanned by transmission electron
microscope (Philips CM100 TEM, FEI Company). The morphology and area of the
mitochondria were analyzed using ImageJ.

Metabolic flux analysis

The oxidative and glycolytic phenotypes of differentiated C2C12 myotubes were
determined using the Agilent Seahorse XF Cell Energy Phenotype Test (103325-100,
Agilent). The cellular oxygen consumption rate (OCR) and extracellular acidification

rate (ECAR) before and after the addition of oligomycin (1 uM) and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP, 2uM) in the stressed state was measured by
the Agilent Seahorse XFe24 Analyzer.

Statistical analysis

Results are expressed as the mean £ SEM and were considered significant when P <
0.05. Student’s test, one-way ANOVA, or two-way ANOVA followed by Tukey’s multiple
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comparison test for statistical analysis using GraphPad Prism (GraphPad Software). Only
statistical outliers identified by the Grubbs’ test with a=0.05 threshold were omitted from
the analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Post-exer cise induction of Bdnf expression in skeletal muscle.
(A) Expression of Bdnfin different tissues of sedentary (Sed) mice or mice that performed

a single bout of endurance exercise (Exe) (*: P<0.05, **: P<0.01, ***: P<0.001 compared

to Sed, one-way ANOVA, n=5-10 mice/group). (B) Expression of Nirk2in different tissues
of sedentary (Sed) mice or mice that performed a single bout of endurance exercise (Exe)

(*: P<0.05 compared to Sed, one-way ANOVA, n=5-10 mice/group). (C) Circulating BDNF
and free fatty acid (FFA) content in sedentary (Sed) mice or mice that performed after

a single bout of endurance exercise (*: P<0.05, ***: P<0.001 compared to Sed, one-way
ANOVA, n=4-6 mice/group). (D) Circulating BDNF content in F//F/and MBKO mice after
a single bout of endurance exercise (c: P<0.001 compared to Sed, *: P<0.05 compared

to FI/F/for the same treatment, two-way ANOVA, n=5 mice/group). (E) Immunoblotting
analysis of signaling molecules in the gastrocnemius muscle of sedentary (Sed) mice or mice
that performed a single bout of endurance exercise (Exe). The arrowhead indicates the band
with the correct molecular mass. Bar graphs show quantification of immunoblot signals (*:
P<0.05, **: P<0.01 compared to Sed, one-way ANOVA, n=3 mice/group). (F) Expression
of metabolic genes in the muscle of sedentary (Sed) mice or mice that performed a single
bout of endurance exercise (Exe) (*: P<0.05, **: P<0.01, ***: P<0.001 compared to Sed,
one-way ANOVA, n=4-10 mice/group). (G) The concentration of FFA and intramyocellular
triacylglycerides (IMTG) in the gastrocnemius muscle of sedentary (Sed) mice or mice that
performed a single bout of endurance exercise (Exe) (*: P<0.05 compared to Sed, one-way
ANOVA, n=5 mice/group).

Sci Signal. Author manuscript; available in PMC 2024 April 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chan et al. Page 25

0.4 © w—FI/F 8007 o 009 o
= ° ° = MBKO K
Q £
0 S 160
:‘3; 08 8 @
> 5 2 120-
£ 0.2 o) o
E k g
5 : £ o
E 0.1 g E
= £ 40
2 5
0.0 =
0_
FI/Fl MBKO
c
s
25
835
< Se
E s
2 2*
= I5)
c ‘B -
® g
B o2
° gt
g
FI/Fl MBKO FI/Fl MBKO Fl/Fl MBKO c
S
E 120 120~ 120 2=
_ G ? £8
® 100 & 100 = 100 (]
3 = < Sc
@ -
€ g0 8 8o+ 2 80+ g
o b S o] c S)
£ o B c =3 =
= 60 S 60 Lo 2 e o
£ g £ §s
€ 40 € 40 S 40 ]
2 S |5 ]
= = ] oL
S 20{-@ FF F 20 I 204 8
= O MBKO © 3
0 0 c
45t ond 18t pnd 18t pnd B
8
5=
S
G = Fj/Fl = MBKO 3=
5
40— .
= § 24
S 30 ° 3 R o a
2 00 & b = =) A ° °
£ B s 22 - B §2 1+ ¢ s s
s i [ | sz |ME 2 B o
N - T
= . &
g o
Sed 0 6
Time after Exe (h)

Time after Exe (h)

Fig. 2. Deficiency of BDNF production in muscle impair s exer cise per formance and post-exercise
lipid metabolism

(A) AMPK activity as determined by ELISA in the gastrochemius muscles of F//F/and
MBKO mice that performed a single bout of endurance exercise (n=5-6 mice/group). (B)
The number of electrical shocks received by FI/F/and MBKO mice during the exhaustive
running test (*: P<0.05, Student’s t-test, n=8-10 mice/group). (C) Running capacity of
FI/Fland MBKO mice during the exhaustive running test (*: P<0.05, Student’s t-test, n=8
mice/group). (D) Duration of wire hanging of FI/F/and MBKO mice during the 4-limb
hanging test (*: P<0.05, Student’s t-test, n=5 mice/group). (E) Exercise performance of FI/F/
and MBKO mice in two consecutive exhaustive running tests spaced 6 h apart (b: P<0.01,

c: P<0.001 compared to the same genotype in the first test, **: P<0.01, ***: P<0.001
compared to FI/F/mice in the same test, two-way ANOVA, n=7 mice/group). (F) Expression
of metabolic genes in the gastrocnemius muscle of sedentary (Sed) F//F/and MBKO mice or
mice that performed a single bout of endurance exercise (a: P<0.05, b: P<0.01 compared to
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the Sed group of the same genotype; *: P<0.05, **: P<0.01, ***: P<0.001 compared to FI/F/
mice in the time interval, two-way ANOVA, n=5-10 mice/group). (G) The concentration of
FFA and IMTG in the gastrocnemius muscle of sedentary (Sed) F//F/and MBKO mice or
mice that performed a single bout of endurance exercise (b: P<0.01 compared to the Sed
group of the same genotype; *: P<0.05, ***: P<0.001 compared to F//F/mice in the time
interval, **:P<0.01, two-way ANOVA, n=5-6 mice/group).
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Fig. 3. BDNF controlsthetranscription of metabolic genes by inducing Ppard expression.
(A) Expression of metabolic genes in C2C12 myotubes stimulated with PBS or BDNF

(100 ng/ml, 24 h) (**: P<0.01, ***: P<0.001 compared to PBS, Student’s t-test, n=3—

4 biological replicates/group). (B) Expression of metabolic genes in C2C12 myotubes
infected with control adenovirus (Ad-Ctr) or adenovirus expressing ShRNA against Badnf
(Ad-shBDNF) (*: P<0.05, **: P<0.01, ***: P<0.001 compared to Ad-Ctr, Student’s t-test,
n=3-4 biological replicates/group). (C) Fatty acid accumulation as determined by Oil Red
O staining in Ad-Ctr- or Ad-shBDNF-infected myotubes stimulated with palmitic acid (PA)
(c: P<0.001 compared to 0 pM, *: P<0.05, compared to different Ad-shBDNF-infected
cells under the same PA treatment, Student’s t-test, n=5-6 biological replicates/group). (D)
Expression of Ppardin the gastrocnemius muscle of sedentary (Sed) FI/F/and MBKO
mice or mice that performed a single bout of endurance exercise (b: P<0.01 compared

to the Sed group of the same genotype; *: P<0.05 compared to F//F/ mice in the same
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time period, two-way ANOVA, n=4-6 mice/group). (E) Expression of Pparisoforms in
C2C12 myotubes stimulated with BDNF (100 ng/ml) for the indicated times (**: P<0.01,
***: P<0.001 compared to 0 ng/ml, Student’s t-test, n=4 biological replicates/group). (F)
CamkkZ2knockdown as assessed by real-time PCR in C2C12 myotubes transfected with
siCtr (Ctr) or siCamkk2 (si) for 24 h (*: P<0.05, Student’s t-test, n=3 biological replicates/
group). (G) C2C12 myotubes were transfected with control siRNA (siCtr) or siRNA against
Camkk?2 (siCamkk?2). Twenty four hours after transfection, myotubes were stimulated with
BDNF (100 ng/ml) for 24 h. Ppard expression was assessed by real-time PCR (***:
P<0.001 compared to PBS, b: P<0.01 compared to BDNF, two-way ANOVA, n=3 biological
replicates/group). (H) C2C12 myotubes were pre-treated with DMSO, STO609 (10 ug/ml),
or Wortmannin (1 uM) for 2 h, then with PBS or BDNF (100 ng/ml) for 24 h. Ppard
expression was examined by real-time PCR (*: P<0.01, ***: P<0.001 compared to PBS,
two-way ANOVA, n=4 biological replicates/group). (I) Expression of PPARS-regulated
genes in C2C12 myotubes pre-treated with DMSO or the PPARS inhibitor GSK3787 (1uM)
for 1 h before being stimulated with DMSO or BDNF (100 ng/ml, 24 h) (a: P<0.05, b:
P<0.01, c: P<0.001 compared to DMSO pre-treatment; *: P<0.05, **: P<0.01, ***: P<0.001
compared to PBS control, two-way ANOVA, n=3 biological replicates/group). (J) C2C12
myotubes were treated with different combinations of GSK3787 (1uM) and BDNF (100
ng/ml) for 24 h and the amounts of various proteins involved in mitochondrial biogenesis
and mitophagy were measured by Western blotting. Representative blots are shown and

the bars graphs show quantification of band intensities (*: P<0.05, **: P<0.01, two-way
ANOVA,; n=3 biological replicates/group). (K) Metabolic phenotyping of Ad-Ctr- or Ad-
shBDNF-infected myotubes was assessed by extracellular flux analysis (*: P<0.05, blue **:
P<0.01, ***: P<0.001, two-way ANOVA, n=4 biological replicates/group). (L) OCR/ECAR
ratio and change of ECAR of Ad-Ctr- or Ad-shBDNF-infected myotubes (b: P<0.01, c:
P<0.001 compared to the basal group within the same infection group; **: P<0.01, ***:
P<0.001 compared to stressed Ad-shBDNF, two-way ANOVA, n=4 biological replicates/
group). (M) C2C12 myotubes were treated with different combinations of GSK3787 (1uM)
and BDNF (100 ng/ml) and the OCR/ECAR ratio was assessed by extracellular flux analysis
(*: P<0.05, two-way ANOVA, n=5 biological replicates/group).
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Fig. 4. Endurance exer cise-promoted metabolic reprogramming in skeletal musclerequiresthe
presence of BDNF

(A) The number of electrical shocks received by FI/F/and MBKO mice during exercise
training (a: P<0.05, b: P<0.01 compared to day 0 of the same genotype; *: P<0.05, **:
P<0.01, ***: P<0.001 compared to F//F/ mice in the time interval, two-way ANOVA, n=4-5
mice/group). (B) The running capacity of FI/F/and MBKO mice after exercise training

(a: P<0.05, b: P<0.01 compared to week 0 of the same genotype; *: P<0.05, **: P<0.01
compared to F/F/ mice in the time interval, two-way ANOVA, n=5-7 mice/group). (C)
Duration of wire hanging of FI/F/and MBKO mice after 4 weeks of exercise training (b:
P<0.01 compared to week 0 of the same genotype; ***: P<0.001 compared to F//F/ mice
in the time interval, two-way ANOVA, n=5 mice/group). (D) Schematic of genes involved
in the glucose and lipid metabolism of skeletal muscle. (E) Expression of metabolic genes
in the gastrocnemius muscle of FI/F/and MBKO mice after 4 weeks of exercise training
(Exe) (a: P<0.05, b: P<0.01, c: P<0.001 compared to the Sed group of the same genotype;
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*: P<0.05, **: P<0.01, ***: P<0.001 compared to F//F/ mice of the same training group,
two-way ANOVA, n=4-5 mice/group). (F) The concentration of glycogen, free fatty acids
(FFA), and intramolecular triacylglycerides (IMTG) in the gastrocnemius muscle of FI/F/
and MBKO mice after 4 weeks of endurance exercise training (Exe) (b: P<0.01 compared
to the Sed group of the same genotype; *: P<0.05, **: P<0.01 compared to F//F/mice

of the same training group, two-way ANOVA, n=4-5 mice/group). (G) Palmitic acid (PA)
oxidation rate of cell lysates prepared from the gastrocnemius muscle of F//F/and MBKO
mice after 4 weeks of exercise training (Exe) (b: P<0.01 compared to the Sed group of the
same genotype, two-way ANOVA, n=4-mice/group).
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Fig. 5. Exercise-induced mitochondrial remodeling isimpaired in the muscle of MBKO mice
(A) Immunoblotting analysis of signaling proteins in the gastrocnemius muscle of sedentary

(Sed) FI/Ffand MBKO mice or mice that performed 4 weeks of endurance exercise training
(Exe). Bar graphs show quantification of immunoblot signals (a: P<0.05, b: P<0.01, c:
P<0.001 compared to the Sed group of the same genotype; *: P<-0.05, **: P<0.01,

***. P<0.001 compared to ~F//F/ mice of the same training group, two-way ANOVA, n=3
mice per group). (B) Expression of genes involved in mitochondrial biogenesis in the
gastrocnemius muscle of sedentary (Sed) F//F/and MBKO mice or mice that performed
4 weeks of endurance exercise training (Exe) (a: p<0.05, ¢: P<0.001 compared to the Sed
group of the same genotype; *: P<0.05, **: P<0.01, ***: P<0.001 compared to F//F/ mice
of the same training group, two-way ANOVA, n=5 mice per group). (C) Representative
immunofluorescence staining of Tom20 and 4’,6-diamidino-2-phenylindole (DAPI) in the
gastrocnemius muscle of sedentary (Sed) F//F/and MBKO mice or mice that performed 4
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weeks of exercise training (Exe). Magnified views of the white dashed boxes are shown

in the lower panels. The yellow arrows indicate examples of enlarged mitochondria. Scale
bar: 20 um. N=1 section from 3 mice per group. (D) Representative transmission electron
microscopy images showing the mitochondria morphology in the gastrocnemius muscle

of sedentary (Sed) FI/F/and MBKO mice or mice that performed 4 weeks of endurance
exercise training (Exe). The asterisk indicates enlarged mitochondria. Scale bar: 500 nm.
(E) Quantification of the average area of the mitochondria and the number of enlarged
mitochondrial per image are also shown (c: P<0.001 compared to the Sed group of the same
genotype; **: P<0.01, ***: P<0.001 compared to F//F/ mice of the same training group,
two-way ANOVA, N=3-6 sections from 2 mice per group).
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Fig. 6. Consumption of BDNF mimetic 7,8-DHF enhances exer cise per formance
(A) The running capacity of mice that consumed 7,8-DHF for 12 weeks (*: P<0.05,

Student’s t-test, n=10 mice per group). (B) Up-side down hanging time of mice that
consumed 7,8-DHF for 12 weeks (*: P<0.01, n=5 mice per group). (C) Total muscle
strength of mice that consumed 7,8-DHF for 12 weeks as determined by the grip-strength
test (n=5 mice/group, Student’s t-test). (D) Immunoblotting analysis of signaling proteins in
the gastrocnemius muscle of mice that consumed 7,8-DHF for 12 weeks. Bar graphs show
quantification of immunoblot signals (*: P<0.05, **: P<0.01, Student’s t-test, n=4 mice per
group). (E) Expression of genes involved in mitochondrial biogenesis in the gastrocnemius
muscle of mice that consumed 7,8-DHF for 12 weeks (*: P<0.05, Student’s t-test, n=5 mice
per group). (F) Expression of PPARS-regulated genes in the gastrocnemius muscle of mice
that consumed 7,8-DHF for 12 weeks (*: P<0.05, **: P<0.01, Student’s t-test, n=5 mice
per group). (G) The running capacity of FI/F/and MBKO mice that consumed 7,8-DHF for
12 weeks (*: P<0.05 compared to H,O group of the same genotype; a: P<0.01, b: P<0.001
compared to F/F/ mice receiving the same treatment, two-way ANOVA, n=5 mice per
group).
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Fig 7. Proposed role of BDNF in reprogramming muscle metabolism during recovery from
endurance exercise

Expression of Bdnfin skeletal muscle is induced during the late recovery phase to change
fuel utilization preference and restock intramyocellular lipid reserves through PPARS-
induced gene expression. It also promotes mitochondrial biogenesis and recycling after
repeated exercise training, leading to improvements in oxidative metabolism and muscle
performance.
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