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Abstract

The ability of skeletal muscle to switch between lipid and glucose oxidation for ATP production
during metabolic stress is pivotal for maintaining systemic energy homeostasis, and dysregulation
of this metabolic flexibility is a dominant cause of several metabolic disorders. However, the
molecular mechanism that governs fuel selection in muscle is not well understood. Here, we report
that brain-derived neurotrophic factor (BDNF) is a fasting-induced myokine that controls
metabolic reprograming through the AMPK/CREB/PGC-1a pathway in female mice. Female
mice with a muscle-specific deficiency in BDNF (MBKO mice) were unable to switch the
predominant fuel source from carbohydrates to fatty acids during fasting, which reduced ATP
production in muscle. Fasting-induced muscle atrophy was also compromised in female MBKO
mice, likely a result of autophagy inhibition. These mutant mice displayed myofiber necrosis,
weaker muscle strength, reduced locomotion, and muscle-specific insulin resistance. Together, our
results show that muscle-derived BDNF facilitates metabolic adaption during nutrient scarcity in a
gender-specific manner and that insufficient BDNF production in skeletal muscle promotes the
development of metabolic myopathies and insulin resistance.

INTRODUCTION

As the largest tissue that comprises about 40% of the total body mass, skeletal muscle is a
major player in regulating glucose uptake, lipid storage, and energy balance (1). A key
metabolic feature of skeletal muscle is its plasticity in adjusting myocellular fuel choice
according to different nutritional circumstances, a phenomenon called “metabolic
flexibility” (2). To spare the limited amounts of glucose for organs that rely heavily on
glucose metabolism for synthesizing ATP during fasting or exercise, skeletal muscle
increases fatty acid (FA) uptake and switches from the preferred glycolysis to FA oxidation
(FAO) for ATP generation. Loss of this flexibility is tightly associated with metabolic
disorders such as insulin resistance and obesity (3). As proposed by Randle et al. (4), the
underlying mechanism of this metabolic adaptation is controlled biochemically by the high
intracellular concentration of FAO byproducts that allosterically inhibit glycolytic enzymes
and thus slow down glycolytic flux. This “glucose-FA cycle” set the foundation for
breakthroughs in understanding the adaptation responses; however, regulation of fuel
utilization in muscles is how known to be far more complex than originally thought (5).
Because skeletal muscle is an endocrine organ that actively produces myokines to regulate
systemic energy metabolism in response to various challenges (6), it is reasonable to assume
that some myokines may play a role in regulating metabolic plasticity in skeletal muscle.

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family that plays
important roles in synaptic plasticity, neuronal survival, development, and differentiation (7).
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By binding to its cognate receptor TrkB, BDNF triggers TrkB autophosphorylation, which
activates several signaling pathways including phosphoinositide 3 kinase (PI3K)/Akt, Ras/
extracellular signal-regulated kinase (ERK), and phospholipase Cy (PLCy)/cAMP
responsive element binding protein (CREB) pathways (8). BDNF is also a metabolic
hormone that inhibits food intake (9, 10). Because selective depletion of Badnfin neurons of
ventral medial hypothalamus or dorsomedial hypothalamus is sufficient to induce
hyperphagia and increase body weight gain in mice, the hypothalamus is believed to be the
major target of BDNF in controlling appetite (11). Therefore, most research on BDNF/TrkB
signaling has mainly focused on its role in the central nervous system (CNS) — although
Badnfand Nitrk2 mRNA is readily detected in peripheral tissues (12) and BDNF regulates
lipid catabolism in cultured L6 muscle cells (13). Together with the robust increase in Banf
expression in muscles after exercise (14, 15), these observations prompted us to investigate
whether muscle-derived BDNF plays a role in controlling energy metabolism during periods
that require metabolic transition. In this report, we revealed that BDNF acts as a myokine
and reprograms skeletal muscle to cope with nutrient scarcity.

BDNF is a fasting-induced myokine in female mice

BDNF and its receptor TrkB can be detected in skeletal muscle (12, 16) but their function in
this tissue is a long-standing and controversial question in the field. In search of
physiological factors that regulate Banfexpression in skeletal muscle, we found that Banf
expression was significantly higher in the gastrocnemius muscle of female mice than in male
animals (Fig. S1A). Moreover, 24-h fasting elevated Banfexpression specifically in the
gastrocnemius, extensor digitorum longus (EDL), and tibialis anterior (TA) muscles of
female mice (Fig. 1A and Fig. S1B). However, we did not detect any changes in Banf
expression in muscles collected from fasted male mice (Fig. 1A and Fig. S1B). In contrast,
fasting upregulated Banfexpression in the cortex of male and female mice (Fig. 1A),
suggesting that Banfexpression in response to nutrient stress is both sex- and muscle type-
specific. Consistent with these findings, increased circulating BDNF level was detected in
female mice only after 24 h of fasting (Fig. 1B). To further elucidate the mechanism of
fasting-regulated Banfexpression, we studied the effect of glucose depletion in C2C12
myotubes, a glycolytic muscle cell line that was isolated from a female mouse (17). Both
Badnfexpression (Fig. 1C) and secretion (Fig. S1C) were increased when C2C12 myotubes
were cultured in glucose-free medium. BDNF secretion from glucose-depleted C2C12
myotubes was further confirmed by immunoblotting (Fig. S1D), which was inhibited when
Badnfexpression was depleted (Fig. S1E). We also found that forskolin or the cell-permeable
cAMP analogue sp-cAMP stimulated Bdnfexpression in C2C12 myotubes (Fig. 1D and Fig.
S1F), suggesting that , Banfexpression was regulated by CREB, the transcription factor that
governs hepatic lipid and glucose metabolism during fasting (18, 19). Indeed, C2C12
myotubes overexpressing CREB displayed higher Banfexpression (Fig. 1E). CREB
expression, phosphorylation, and activity were also upregulated in glucose-depleted
myotubes and gastrocnemius of fasted mice (Fig. 1, A, F and G). Moreover, CREB tethering
to the CRE (5’-TCACGTCA-3’) on the Banfpromoter was increased in glucose-depleted
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C2C12 myotubes (Fig. 1H). Our data thus suggest that BDNF is a CREB-regulated myokine
in response to fasting.

BDNF increases mitochondrial respiration and lipid oxidation in muscle cells

The limited nutrient supply during fasting provokes a compensatory increase in FAQO in
skeletal muscle to preserve glucose for tissues that rely heavily on glucose metabolism for
ATP production (20). Given that Banfexpression increased during fasting (Fig. 1A), muscle-
derived BDNF may serve as a modulator of lipid oxidation in muscles. As expected, BDNF
treatment promoted FAO in C2C12 myotubes in a dose-dependent manner (Fig. 2A). This
increase in B-oxidation was potentially due to increased mitochondrial content because we
detected a higher level of mitochondrial proteins [cytochrome ¢ (Cyto c), succinate
dehydrogenase (SDH), and pyruvate dehydrogenase (PDH)] (Fig. 2B) and DNA (mtDNA,;
Fig. 2C) in BDNF-treated C2C12 myotubes. In agreement, cellular mitochondrial activities
including oxygen consumption rate (OCR; Fig. 2D), basal and maximal mitochondrial
respiration (Fig. 2, E and F), and ATP production (Fig. 2G) were all elevated in the BDNF-
stimulated cells. In contrast, non-mitochondrial respiration and ATP coupling efficiency
were not altered after BDNF stimulation (Fig. S2, A and B), further suggesting that
increased respiration was caused by an increase in mitochondrial content. Consistent with
this notion, BDNF stimulation of C2C12 myotubes increased the activity of AMP-activated
protein kinase (AMPK) and the expression of peroxisome proliferator-activated receptor y
coactivator 1a (PGC-1a)—key regulators of mitochondrial biogenesis (21) (Fig. 2H).
Phosphorylation of acetyl CoA carboxylase (ACC) (Fig. 2H) was increased, further
supporting the enhanced FAO in BDNF-stimulated myotubes (Fig. 2A). BDNF also
enhanced CREB activity, as evidenced by augmented Ser!33 phosphorylation, which
correlated with the increased expression of Nur77, a transcription factor that promotes FAO
(22) (Fig. 2H). Expression of another key transcriptional regulator that enhances
transcription of B-oxidative genes, peroxisome proliferator-activated receptor a (PPARa),
was also enhanced in BDNF-treated C2C12 myotubes (Fig. 2H). BDNF did not robustly
induce Akt activation in muscle cells (Fig. 2H), in contrast to its effect in neurons (23).
These results indicate that compared to neurons, BDNF utilizes distinct signaling cascades
in skeletal muscle cells to increase mitochondrial content, promote cellular respiration, and
induce FAO.

Muscle-specific Bdnf knockout mice display impaired energy metabolism

To confirm the importance of muscle-derived BDNF in energy metabolism, especially
during the fed-fasting transition, we generated skeletal muscle-specific Banfknockout
(MBKO) mice using LoxP-Cre recombination (Fig. S3A). Real-time PCR indicated a
significant reduction of Banfexpression in the skeletal muscles, which was not observed in
other tissues in MBKO mice (Fig. S3B). In addition, TrkB phosphorylation in the
gastrocnemius muscle, but not in the cortex, was significantly reduced, demonstrating tissue-
specific ablation of BDNF/TrkB signaling (Fig. S3C). Although body weight and
composition did not differ between male MBKO and control FI/FI mice (Fig. S4, A and B),
female MBKO mice possessed greater body weight and white adipose tissue (WAT) mass
(Fig. 3A-C and Fig. S3D), indicating that muscle-secreted BDNF has a sex-specific effect
on body weight regulation. These female mutant mice had normal food intake (Fig. S3E) but
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decreased systemic metabolism (reduced O, consumption, CO, production, and energy
expenditure) and physical activity (Fig. 3D-G). Brown adipose tissue (BAT) of female
MBKO mice showed greater expression of Djo2 (which encodes iodothyronine deiodinase
2) (Fig. S5A), suggesting a local increase in energy expenditure (24). In contrast, the
expression of genes that promote WAT browning — Cidea (which encodes cell death
inducing DFFA like effector a), Fabp3 (which encodes fatty acid binding protein 3) and
Prdm16 (which encodes PR domain containing 16) — was not altered in MBKO mice (Fig.
S5B). During the day time rest period when food intake ceased, the skeletal muscle of FI/FI
mice showed increased p-oxidation for ATP production (25), which was reflected by a
decrease in respiratory exchange ratio (RER; Fig. 3H). However, such a decrease in RER
was not detected in female MBKO mice (Fig. 3H), indicating that glycolysis was still the
major biochemical reaction for ATP production. In support of this conclusion, the RER of
MBKO mice was also higher after food deprivation (Fig. 3l and Fig. S5C). In contrast, male
MBKO and FI/FI mice displayed comparable locomotion and energy metabolism under both
fed and fasted states (Fig. S4C—H). These findings indicate that muscle-derived BDNF is a
female-specific myokine that controls metabolic reprograming during fasting. Thus, only
female animals were used in subsequent phenotypic and mechanistic analyses.

Consistent with the indirect calorimetry study, muscle from fasted MBKO mice displayed
lower FAO (Fig. 3J). Immunoblotting analysis revealed impaired AMPK/ACC signaling
(Fig. 3K and Fig. S5D), suggesting compromised FAO. The phosphorylation or abundance
of the transcription regulators CREB, Nur77, PPARa, and PGC-1a was decreased (Fig. 3K
and Fig. S5D), which correlated with the reduced expression of their target genes in FA
catabolism [AcAA (which encodes acetyl CoA acyltransferases), Acad (which encodes acyl
CoA dehydrogenases), £chs (which encodes enoyl CoA hydratase), Hadha (which encodes
hydroxyacyl-CoA dehydrogenase), Cpt2 (which encodes carnitine palmitoyltransferase 2),
and Lp/ (which encodes lipoprotein lipase)] (Fig. 3L). FGF21 expression in the
gastrocnemius was higher in MBKO mice than in FI/FI control mice (Fig. S6A).
Downregulation of AMPK and PGC-1a also lowered mitochondrial content in MBKO
muscle as evidenced by the decreased abundance of Cyto ¢, SDH, and PDH (Fig. 3K and
Fig. S5D). On the other hand, the abundance of the transcription factors involved in -
oxidation was not altered in the muscle of fed female MBKO mice (Fig. S5E), indicating
that BDNF is involved only in fasting-induced metabolic reprogramming.

The skeletal muscle of MBKO mice has lower energy content but higher lipid metabolite
accumulation

If B-oxidation is dysregulated in MBKO mice under nutrient stress, lipid metabolism in
MBKO muscle should be impeded, leading to lipid accumulation. Surprisingly, triglyceride
(TG) content in the gastrocnemius was lower in fasted female MBKO mice than in FI/FI
mice (Fig. 4A) but the expression of key genes involved in FA synthesis [Fasn (which
encodes fatty acid synthase)], FA uptake (Cd36), and lipolysis [ Afg/ (which encodes adipose
triglyceride lipase, the rate limiting enzyme of lipolysis)] was increased (Fig. S6B),
suggesting that the reduced intramyocellular TG content was a result of enhanced lipolysis
but not impaired FA uptake or synthesis. Consistent with this notion, FA content was
elevated in the gastrocnemius of fasted MBKO mice (Fig. 4A). Levels of acylcarnitines and
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ceramides were also higher in the MBKO gastrocnemius (Fig. 4A). These results indicate
that TG and FA catabolism in MBKO muscles were uncoupled and that increased lipolysis
depleted TG content but that reduction in mitochondrial number (Fig. 3K) and p-oxidation
(Fig. 3H) led to the accumulation of FA, acylcarnitines, and ceramides. Because soleus
muscles do not switch from oxidative metabolism during fasting (20), it was consistent that
Badnfexpression (Fig. 1A) and lipid metabolite content were not altered in the soleus muscle
of fasted MBKO mice (Fig. 4A).

In addition to incomplete B-oxidation, glycogen and glycolysis metabolites were depleted in
the gastrocnemius of fasted MBKO mice (Fig. 4, B and C). However, expression of
glycoenolytic and glycolytic genes was increased (Fig. 4D), suggesting that the reduced
glycolytic intermediate content was due to increased glycogenolysis and glycolysis, which
was possibly to compensate for the insufficient ATP generation resulting from defects in p-
oxidation. The concentrations of pyruvate and citric acid cycle intermediates were not
changed in MBKO muscle, which was possibly caused by enhanced amino acid (AA)-
pyruvate conversion because the concentrations of AAs that can be converted to pyruvate
(alanine, glycine, and threonine) were significantly reduced in the MBKO gastrocnemius
(Fig. 4E). Moreover, the concentrations of alanine catabolism byproducts, glutamate and
proline, were significantly higher in the MBKO gastrocnemius (Fig. 4E), further supporting
the conclusion of accelerated alanine breakdown. Total ATP content in the gastrocnemius
was also lower in fasted MBKO mice than in FI/FI mice (Fig. 4F), although the
concentration of pyruvate was comparable between the two genotypes, supporting the notion
that MBKO muscles have insufficient mitochondrial number (Fig. 3K) to catabolize
pyruvate. Consequently, alanine export from the muscle to the liver for gluconeogenesis (26)
was reduced, resulting in a lower circulating level of alanine in fasted MBKO mice (Table
1). Together, our results indicate that a deficiency of muscle-derived BDNF impairs FAO
during fasting, leading to the accumulation of lipid metabolites and inadequate ATP
production, which elevates glycolysis and enhances AA catabolism as compensatory
responses (Fig. 4G).

Muscle-specific deficiency of BDNF abolishes fasting-induced autophagy and promotes
muscle weakness

Negative energy balance increases whole-body proteolysis and intracellular AA content
(27). The reduced total AA concentration in the gastrocnemius of fasted MBKO mice (Fig.
S7A) suggested that fasting-provoked protein catalysis was suppressed. Indeed, lean mass
reduction was decreased to a lesser extent in female MBKO mice after food deprivation (Fig.
5A), which was not observed in male MBKO mice (Fig. S4l). In contrast, fasting-induced
adipose tissue atrophy was exaggerated in MBKO mice (Fig. 5A), which was associated
with higher circulating free FA levels (Table 1). Total protein ubiquitination and the
abundance of ubiquitin ligases (MuRF1 and atrogin 1) were not changed in the
gastrocnemius of fasted MBKO mice (Fig. S7B), suggesting that the ubiquitin/proteasome
system was not involved in the abnormal muscle physiology of MBKO mice. Because the
activity of AMPK, the master regulator of nutrient stress-induced autophagy (28), was
reduced in the gastrocnemius of fasted MBKO mice (Fig. 3K), we suspected that fasting-
induced autophagy was blunted. Indeed, AMPK-mediated Ser®>° phosphorylation of Unc-51
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like kinase-1 (ULK1), a marker of autophagy initiation (29), was significantly reduced in the
fasted MBKO gastrocnemius (Fig. 5B), which was associated with decreased LC3 lipidation
and p62 degradation (Fig. 5B). In addition, immunofluorescence staining showed fewer LC3
punta in the gastrocnemius muscle of fasted MBKO (Fig. 5C). Total expression and activity
of the autophagy suppressor mTOR was elevated in MBKO muscle (Fig. 5B), which was
associated with phosphorylation of Ser’® in ULK1, an inhibitory phosphorylation event (30,
31) (Fig. 5B). The EDL and TA of MBKO mice also displayed altered autophagy signaling
(Fig. S7C). Histological analysis of gastrocnemius from fasted MBKO mice revealed several
characteristics of muscle degeneration including central nuclei, phagocytosis, and fiber
necrosis, which persisted after refeeding (Fig. 5D). No obvious structural defects were
detected in male MBKO muscles (Fig. S4, J and K). Consistent with the tissue damage
detected by histological analysis, serum creatine kinase (CK) levels were significantly
higher in female MBKO mice (Table 1), which was further elevated during fasting,
suggesting that nutrient depletion exaggerated myocellular damage. Female MBKO mice
also exhibited weaker muscle strength even when fed (Fig. 5E), which was probably a result
of defective metabolism and tissue structure. Gastrocnemius muscle from female mice also
displayed lower tetanic force and higher stiffness during ex vivo assessment, although
specific twitch force and fatigue rate of gastrocnemius muscle were comparable between the
two genotypes (Fig. 5F). Exercise endurance is another metabolic challenge that requires the
selection of the appropriate carbon substrate (32), and this parameter was also compromised
in fed MBKO mice (Fig. 5G), further demonstrating that MBKO mice were metabolically
inflexible.

Muscle-specific deficiency in BDNF leads to the development of insulin resistance

Accumulation of intramuscular acylcarnitines or inefficient mitochondrial activity in skeletal
muscle results in systemic insulin resistance (33, 34). These two changes were detected in
the gastrocnemius of MBKO mice (Fig. 3K and 4A) and accordingly, MBKO mice
displayed fasting hyperglycemia and hyperinsulinemia (Table 1). Insulin resistance in
MBKO mice was further confirmed by poor glucose tolerance (Fig. 6, A and B). Glucose
infusion (Fig. 6C) and glucose turnover (Fig. 6D) rates were also significantly lower in
MBKO mice than in FI/FI animals as evidenced by hyperinsulinemic-euglycemic clamp
assays. Moreover, insulin-induced glucose uptake was reduced in gastrocnemius but not in
WAT in MBKO mice (Fig. 6, E and F). Insulin injection (35) induced the phosphorylation of
Akt and AS160 in gastrocnemius muscle to a lesser extent in MBKO mice (Fig. 6G), an
effect that was consistent with the reduction in glucose uptake (Fig. 6E). In contrast to the
permanent depletion of Banfexpression that disrupted lipid metabolism in MBKO muscle, a
transient knockdown of BDNF levels in C2C12 myotubes did not impair insulin signaling
(Fig. 6H), indicating that long-term Bdnf depletion is required to establish metabolic
dysfunction and insulin resistance in skeletal muscle. Insulin-suppressed hepatic glucose
production was not significantly altered in MBKO mice (Fig. 61) but hepatic glycogen
content in MBKO mice was lower than in FI/FI control mice (Fig. 6J). Together, our results
suggest that depletion of muscle-derived BDNF specifically reduces the insulin sensitivity of
gastrocnemius muscle.
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DISCUSSION

Skeletal muscle is a structurally and metabolically plastic tissue that maintains systemic
energy homeostasis in response to various metabolic stresses. It is an important site for
glucose disposal during the postprandial period and performs metabolic changes to utilize
FA for glucose sparing when nutrient supply is limited. Skeletal muscle is also the largest
protein reservoir to provide AA for compensatory energy production during catabolic
periods. Thus, it is not surprising to find that metabolic inflexibility in muscles is a dominant
cause of various metabolic disorders (36). In this study, we found that skeletal muscle-
generated BDNF coordinated metabolic reprograming in muscle during fasting in females.
Our data suggest that when extracellular glucose dropped, BDNF production in glycolytic
muscle fibers was increased, which activated CREB. By promoting the activity of signaling
pathways involving AMPK, PPARa, PGC-1a, and Nur77, muscle-generated BDNF acted as
an autocrine factor to facilitate mitochondrial transportation of FA and expression of genes
involved in FAO. Because these signaling cascades are also important to mitochondrial
biogenesis and fasting-induced autophagy, their disruption in MBKO muscles led to lower
ATP production from FAO and reduced AA release from autophagy during fasting, which
resulted in myofiber necrosis. Consequently, the damaged myofibers were associated with
weaker muscle strength, reduced physical locomotion, low overall metabolic rate, and
enhanced adiposity.

Increased intramyocellular BDNF content and circulating BDNF levels after exercise has
been reported in humans (13). However, Kinetics of the exercise-induced elevation in serum
BDNF failed to correlate with BDNF content in muscle, suggesting that BDNF in muscles
may act only as an autocrine or paracrine factor (13). Indeed, it has been suggested that
neuronal tissues and blood platelets are the major source of circulating BDNF (37, 38). In
contrast to the human studies, our findings in MBKO mice demonstrated that BDNF
production by muscle is important for increasing the surge in BDNF levels during fasting.
Several mechanisms may explain this discrepancy. First, direct BDNF export from muscles
into circulation may be a rodent-specific response. Second, the final destination for BDNF
exported from muscles in response to fasting and exercise may be different. Third, muscle-
produced BDNF may act on the neurons that link muscle and brain to induce BDNF
production from the CNS. Thus, further studies using transgenic animals expressing tagged
BDNF in skeletal muscle are warranted to delineate the specific role of tissue-produced
BDNF in the overall hormone content in circulation. Although BDNF has not always been
successfully detected in mouse serum (39), BDNF serum levels are decreased in
streptozotocin-induced diabetic mice and increased in a mouse model of acute asthma (40,
41), suggesting that BDNF is detectable in mouse circulation. Our current studies also
support the notion that BDNF is present in mouse blood. Presumably, the variation in
detection methods accounts for the discrepancy in results.

Because physical inactivity has been suggested as a primary cause of metabolic inflexibility
(42), it is reasonable to suspect that the defective phenotypes observed in MBKO mice may
result from their low physical activity (Fig. 3G). However, some metabolic characteristics
that occur after bed rest or restricted activity were not phenocopied in MBKO mice. In
particular, restricted activity results in diminished expression of CD36and increased TG
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accumulation in skeletal muscle (43, 44), but MBKO muscle exhibited enhanced Cd36
expression (Fig. S6B) and reduced TG levels (Fig. 4A), indicating that physical inactivity
and BDNF deficiency in skeletal muscle results in differential metabolic outcomes. Our
experiments with cultured myotubes also showed that BDNF has a prominent role in
metabolic regulation (Fig. 2A). Furthermore, Banfexpression in skeletal muscle of wild-
type mice increased significantly after fasting (Fig. 1A), suggesting that BDNF production
may help muscles cope with nutrient stress.

Gender has a profound impact on metabolism. Compared with men, women rely more on
lipids during fasting and exercise (45). We found that fasting significantly increased Banf
expression in female mouse muscles only (Fig. 1A). Consequently, metabolic dysfunction in
fasted MBKO mice was sexually dimorphic, which suggests that elevated Banfexpression in
fasted muscle is a response unique to female mice for regulating lipid metabolism. BDNF
functions in the nervous system are also sex-dependent; for instance, BDNF alleviates acetic
acid-induced pain only in male rats (46), whereas BDNF is critical in anxiety- and
depression-associated behaviors in female rats (47). We also found that the BDNF mimic
7,8-dihydroxyflavone counters obesity only in female mice (48), which further supports the
notion that the sexual-dimorphism of BDNF can be applied to systemic energy metabolism.
The molecular mechanism underlying the sex-specific response to BDNF remains unclear
but sex hormones, in particular estrogen, have been suggested to be important because they
regulate Banfexpression and crosstalk with the TrkB cascade in the nervous system (49).
Estrogen production is also induced by fasting in female mice (50) and depletion of the
estrogen receptor a (ERa) in skeletal muscle dysregulates glucose and lipid metabolism,
leading to the development of obesity (51). Furthermore, estrogen activates CREB activity
and expression (52). Thus, it is tempting to hypothesize that estrogen, BDNF, and CREB
may form a network that regulates skeletal muscle metabolism in female mice. However, the
functional interaction between these factors has not yet been examined in skeletal muscle,
warranting further investigation.

During B-oxidation, FA is shuttled into mitochondria by the carnitine palmitoyltransferase
(CPT) system, in which acyl CoA is catalyzed to acylcarnitine in the outer mitochondrial
membrane by CPT1, which is then converted back into acyl CoA by CPT2 in the inner
mitochondrial membrane. The production of acyl CoA from acylcarnitine was impaired in
MBKO muscle, leading to the accumulation of acylcarnitines (Fig. 4A), which is consistent
with the reduction in Cpt2expression and the levels of its upstream regulators PPARa and
PGC-1a (Fig. 3K). This phenotype resembles the pathological features of metabolic
myopathies induced by CPT2 deficiency in human patients (53), which includes elevated
lipid storage, central nuclei in myocytes, myocyte necrosis, muscle weakness, and enhanced
glycolysis during metabolic stress (54, 55). The clinical symptoms of metabolic myopathies
are usually subtle under normal circumstances but become obvious when patients are
subjected to energy stresses like prolonged exercise or fasting (56), which are also consistent
with our findings that the aberrant phenotypes of MBKO mice were detected only during
nutrient depletion. Because the accumulation of FA or its metabolites such as acylcarnitine is
a major cause of insulin resistance in skeletal muscle, the high intracellular concentration of
these molecules in MBKO muscle thus interferes with insulin-induced glucose uptake,
leading to hyperglycemia. In agreement with this finding, insulin resistance and fasting
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hyperinsulinemia have been reported in a patient with a CP72mutation (55). Because few
studies have been performed to examine the effect of lipid accumulation in CPT2-deficient
muscle, it remains unknown if insulin resistance is a general characteristic of the disease.
Nevertheless, our data indicate that BDNF signaling is crucial for balancing lipid and
glucose metabolism in skeletal muscle and that impairment of this pathway leads to insulin
resistance.

Balanced autophagy flux in skeletal muscle is critical for the overall health of an organism.
Although maintaining basal autophagy flux is essential to clear damaged organelles or
recycle macromolecules in muscles during metabolic stress (57), excess autophagy promotes
extensive muscle wasting that affects tissue mass, muscle strength, myofiber regeneration,
and favorable metabolism (58). We found that BDNF production by muscle was essential for
autophagy-induced muscular protein degradation during fasting. BDNF signaling in cultured
hippocampal neurons has been suggested to activate mTOR to support neuronal survival
primarily through inhibiting autophagy flux (59). However, BDNF has also been reported to
suppress the activity of the Akt/mTOR/p70S6K axis to enhance neuronal autophagy (60). In
line with this finding, BDNF upregulates autophagic activity in streptozotocin-induced
diabetic mice to prevent Purkinje cell loss (61). Due to the limited studies on the role and
effect of BDNF on autophagy, it remains unknown whether these discrepant findings were
caused by differences in cell model used, type of stimulation, or experimental procedures.
Our results showed that BDNF promoted autophagy progression in skeletal muscle,
consistent with impaired AMPK signaling. Indeed, several key phenotypes including
decreased circulating alanine levels, LC3 lipidation, and phosphorylation of Ser®®® in ULK1,
combined with increased mTOR-dependent phosphorylation of Ser’>” in ULK1, and a lack
of changes in atrogin 1 and MuRF1 abundance are common to both MBKO and muscle-
specific AMPK-knockout (AMPK-MKO) mice (28) during fasting, suggesting that AMPK
may be involved in defective autophagy in MBKO muscle. On the other hand, substantial
decreases in FAO and muscle glycogen content were detected in MBKO mice but not in
AMPK-MKO mice. Moreover, AMPK-MKO mice display hypoglycemia, whereas MBKO
mice exhibited hyperglycemia during fasting. Presumably, AMPK is an important but not the
sole effector of BDNF in regulating muscle metabolism in response to fasting. Ablating
Atg7in muscles protects against obesity development by inducing FGF21 (62). Similar to
this report, the impaired autophagy in MBKO muscle was associated with increased Fgf21
expression (Fig. S6A); however, the body weight of MBKO mice was higher than that of
FI/FI control mice. Further investigation is needed to fully explore the complex
physiological outcomes in muscles without Banfexpression.

In summary, we demonstrated that BDNF linked insulin responsiveness, autophagy, and
metabolic flexibility in skeletal muscle during fasting, and that deficiency in BDNF
production led to the development of metabolic myopathy and insulin resistance in female
mice. These findings underscore that BDNF is not only a critical neurotrophic factor in the
CNS, but also an essential metabolic regulator in peripheral tissues
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MATERIALS AND METHODS

Chemicals and reagents

C2C12 cells were purchased from the American Type Culture Collection (ATCC; Manassas,
VA) and maintained as instructed by ATCC. Transfection of C2C12 cells was performed
using DharmaFECT1 (Thermo Fisher Scientific, Waltham. MA) according to manufacturer’s
instructions. Recombinant human BDNF and anti-BDNF antibody were purchased from
Abcam (Cambridge, UK). Human insulin was obtained from Elli Lily and Company
(Indianapolis, IN). All other chemicals were purchased from Sigma-Aldrich (St. Louis MO).
Antibodies against pAkt S473 (#9271), pAMPKa T172 (#2535), AMPKa (#2603), pACC
S79 (#3661), ACC (#3676), pCREB S133 (#9198), CREB (#4820), and TrkB (#4603) were
purchased from Cell Signaling Technology (Danvers, MA). All autophagy and mTOR
signaling pathway antibodies were also obtained from Cell Signaling Technology. Anti-Aktl
(s€5298), anti-IRp (sc53742), and anti-pTrkB Y706 (sc135645) antibodies were obtained
from Santa Cruz Biotechnology (Dallas, TX). Anti-PPARa (#8934) and PGC-1a (#54481)
were obtained from Abcam while anti-tubulin antibody (T6074) was obtained from Sigma-
Aldrich. [1-14C]-Palmitic acid was purchased from PerkinElmer (Waltham, MA).
Adenoviruses that express shBdnf were synthesized by Cyagen (Santa Clara, CA) based on a
previously reported sequence (63).

Animal experiments

MBKO mice were generated by crossing BODNF Flox/Flox mice (cat #004339; Jackson
Laboratory, Bar Harbor, ME) with transgenic mice carrying the human a.-skeletal actin-
promoter-driven Cre (HSA-Cre; cat # 006149; Jackson Laboratory, USA). Because of the
sex-specific response in obesity development, all in vivo experiments were performed using
female mice. Genotyping was performed via PCR using genomic DNA extracted from the
tail and using primers suggested by the Jackson Laboratory. Mice were housed in
environmentally controlled conditions under a 12-h light/dark cycle with ad /ibitum access
to standard rodent pellet food and water. All in vivo assays were performed using 8-week-
old female mice due to the sex-dimorphic effect and were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Oklahoma Health Sciences
Center and Committee on the Use of Live Animals in Teaching and Research (CULATR) of
the University of Hong Kong.

Blood glucose levels were measured using the ACCU-CHEK Advantage Blood Glucose
Meter (Roche, Basel, Switzerland). Serum insulin, FGF21, and BDNF were measured by
ELISA (Crystal Chem, Elk Grove Village, IL; Abcam; and Abnova, Taipei, Taiwan,
respectively). Serum triglyceride and free FA levels were measured using the Triglyceride
Quantification Colorimetric Kit and the Free Fatty Acid Quantification Colorimetric Kit,
respectively (BioVision, Milpitas, CA). Alanine and p-hydroxybutyrate serum
concentrations and creatine kinase activities were detected using commercially available Kits
(Cayman Chemical, Ann Arbor, MI). Hepatic glycogen content was determined by the
Glycogen Assay Kit (Cayman Chemical). The glucose tolerance test (GTT) was performed
after intraperitoneally injecting D-glucose (2 g/kg of body weight) into female mice that had
fasted overnight fasted (16 h).
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Tissue CREB activities were determined by CREB TFact DNA-binding ELISA (Assay
Biotechnology Company Inc., Fremont, CA). Muscle glycogen and ATP levels were
measured enzymatically using commercially available kits (Cayman Chemical). AMP
concentration determination and profiling of various lipid and glucose metabolites were
performed at the West Coast Metabolomics Center at the University of California Davis
Genome Center (USA) using liquid chromatography-mass spectrometry (LC/MS). LC/
quadrupole/time-of-flight (QTOF)MS analyses were performed using an Agilent 1290
Infinity LC system (Santa Clara, CA) coupled to either an Agilent 6530 (positive ion mode)
or an Agilent 6550 mass spectrometer equipped with an ion funnel (iFunnel; negative ion
mode). Lipids were separated on an Acquity UPLC CSH C18 column (Waters, Milford,
MA) maintained at 65 °C at a flow rate of 0.6 mL/min. The mobile phases consisted of
60:40 acetonitrile:water with 10 mM ammonium formate and 0.1% formic acid (A) and
90:10 propan-2-ol:acetonitrile with 10 mM ammonium formate and 0.1% formic acid. The
gradient was as follows: 0 min 85% (A); 0-2 min 70% (A); 2-2.5 min 52% (A); 2.5-11 min
18% (A); 11-11.5 min 1% (A); 11.5-12 min 1% (A); 12-12.1 min 85% (A); and 12.1-15
min 85% (A). A sample volume of 3 uL was used for the injection and sample temperature
was maintained at 4 °C in the autosampler. The QTOF mass spectrometers were operated
with electrospray ionization (ESI) performing full scans in the mass range m/z65-1700 in
positive (Agilent 6530, equipped with a JetStreamSource) and negative (Agilent 6550,
equipped with a dual JetStream Source) modes producing both unique and complementary
spectra. Instrument parameters were as follows (positive mode): gas temp 325 °C, gas flow 8
I/min, nebulizer 35 psig, sheath gas 350 °C, sheath gas flow 11, capillary voltage 3500 V,
nozzle voltage 1000 V, fragmentor 120 V, and skimmer 65 V. Data (both profile and
centroid) were collected at a rate of 2 scans per second. In negative ion mode, the parameters
were identical to positive ion mode except for the following: gas temp 200 °C, gas flow 14 I/
min, and fragmentor 175 V. For 6530 QTOF, a reference solution generating ions of 121.050
and 922.007 m/z in positive mode and 119.036 and 966.0007 //z in negative mode was used
for continuous mass correction. For 6550 QTOF, the reference solution was introduced by a
dual spray ESI, with the same ions and continuous mass correction.

C2C12 myoblasts were cultured in DMEM supplemented with 5% FBS, 15% calf serum,
100 1U/mL penicillin and 100 pg/mL streptomycin (Invitrogen, Carlsbad, CA).
Differentiation of myoblasts into myotubes was performed by incubating 100% confluent
myoblast with differentiating medium (2% horse serum, 100 1U/mL penicillin, and 100
ug/mL streptomycin) for 4 days. C2C12 differentiation was confirmed by morphological
changes as previously described (64).

Immunoblotting

Tissue or cell extracts were prepared by homogenizing tissues in lysis buffer (50 mM Tris
pH 7.4, 40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM NazVO,, 50 mM NaF, 10
mM NayP,07, 10 mM sodium p-glycerol phosphate, and protease inhibitor cocktail). Cell
debris was removed by centrifugation and the supernatants were collected for further
analysis. Protein concentration of the lysates was determined by the Bio-Rad Protein Assay
(Bio-Rad Laboratories, Hercules, CA), after which an equal amount of protein lysate from
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each sample was loaded for SDS-PAGE. SDS-PAGE and blotting were performed using the
mini-PROTEAN Tetra (Bio-Rad Laboratories) and protein transfer was performed using the
Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). Immunoblotting signals within
the linear detection range were detected with a G:Box Chemi XRQ imager (Syngene,
Cambridge, UK) and analyzed using ImageJ (NIH, Bethesda, MD). Representative results
from two or more independent experiments are shown.

Histology and immunofluorescent staining

Immunofluorescent staining was performed using paraffin-embedded sections and
hematoxylin and eosin (H&E) staining was performed as previously described (65).
Representative results from at least three animals are shown.

Determination of mitochondrial content, mitochondrial respiration, and lipid oxidation

Total DNA was isolated using the DNAeasy Kit (Qiagen, Hilden, Germany). The amount of
mitochondrial DNA was determined by real-time PCR using the primers 5’-
CCCAGCTACTACCATCATTCAAGT-3’ (forward) and 5’-
GATGGGTTTGGGAGATTGGTTGATGT-3’ (reverse). S-actin levels were used for
normalization.

Mitochondrial respiration of C2C12 myotubes was determined by the XFe 96 Extracellular
Flux Analyzer using the XF Mito Stress Test Kit (Seahorse Bioscience, Billerica, MA). The
concentrations of oligomycin, carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazon
(FCCP), antimycin A, and rotenone used were 100 pm, 100 um, 100 pm, and 50 um
respectively. The OCR and extracellular acidification rate were recorded and non-
mitochondrial respiration was determined as the lowest OCR detected after antimycin A and
rotenone injection. Basal respiration was determined as the difference between the OCR
before compounds were injected and the non-mitochondrial respiration rate. Maximal
respiration was determined as the difference between the highest OCR recorded after FCCP
injection and the non-mitochondrial respiration rate. OCR from exogenous lipid oxidation of
C2C12 myotubes was determined by Extracellular Flux Analyzer using the XF Palmitate-
BSA FAO Substrate (Seahorse Bioscience). Additionally, 1 mM BSA-coupled palmitic acid
and 40 uM Etomoxir were used in the analysis.

FAO in muscle lysates was determined as previously described (66). Briefly, gastrocnemius
muscle collected from fasted (16 h) mice were homogenized and incubated with a reaction
mixture containing 14C-palmitatic acid (0.4 pCi per reaction). After percholic acid
precipitation, the 14C-incorporated CO, was captured by a strong base (1M NaOH) in the
Whatman paper disc. The radioactivity was then measured by scintillation counting.

Gene expression analysis and RNA sequencing

Total RNA was extracted by Trizol Isolation Reagent (Invitrogen). First-strand cDNA from
total RNA was synthesized using Superscript 111 reverse transcriptase (Invitrogen) and
Oligo-dTq7 as primer. Lipid metabolism gene expression was determined using the Mouse
Fatty Acid Metabolism RT2 Profiler PCR Array (Qiagen). Primers used for real-time PCR
were as follows: BDNF, 5’-ATGTCTATGAGGGTTCGGCG-3’ (forward) and 5'-
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GCGAGTTCCAGTGCCTTTG-3 (reverse); actin, 5'-CTGTCGAGTCGCGTCCA-3’
(forward) and 5'-ACCCATTCCCACCATCACAC-3’ (reverse); p-actin,
AACCGTGAAAAGATGACCCAGAT (forward) and CACAGCCTGGATGGCTACGT
(reverse). Real-time PCR was performed using 5 PRIME™ RealMasterMix SYBR ROX
(Thermo Fisher Scientific) on an ABI7500 Real-time PCR System (Applied Biosystems,
Foster City, CA).

MRNA sequencing was performed using the lllumina NextSeq v2 High SR75 (lllumina, San
Diego, CA). Adapters were trimmed and low-quality bases were removed from raw reads
using Trimmomatic. Processed reads were then mapped to the mouse reference genome
(NCBI build 37.2) using TopHat and Cufflinks. Differential gene expression was evaluated
using Cuffdiff.

Chromatin immunoprecipitation (ChIP) analysis

Binding of CREB to the Banfpromoter was analyzed using a ChIP kit from Merck
Millipore (Burlington, MA) using a CREB antibody (Cell Signaling Technology). Real-time
PCR was performed using the following primers: 5’-TTCGAGGCAGAGGAGGTATC-3’
(forward) and 5'-GGCTGGGAGATTTCATGCTA-3’ (reverse).

Hyperinsulinemic-euglycemic clamp, metabolic cages, and body composition analysis

Insulin sensitivity and glucose metabolism, including glucose infusion rate, whole body
glucose turnover, tissue-specific glucose uptake, and hepatic glucose production, were
measured in partially restrained, awake mice using a 2-h hyperinsulinemic-euglycemic
clamp (67). Briefly, human insulin was infused into overnight fasted mice (16 h) at a rate of
15 pmol/kg/min to raise plasma insulin within the physiological range. Blood samples were
collected at 10-20 min intervals for the immediate measurement of plasma glucose, and
20% glucose was infused at variable rates to maintain basal glucose levels. Insulin-
stimulated whole-body glucose metabolism was estimated with a continuous infusion of 3H-
glucose throughout the insulin clamp (0.1 uCi/min). To estimate insulin-stimulated glucose
uptake in individual organs, 2-[1-14C]deoxy-D-glucose (2-[*4C]DG) was administered as a
bolus (10 uCi) at 75 min after the start of the insulin clamp. Blood samples were drawn at
80, 85, 90, 100, 110, and 120 min for measuring plasma 3H-glucose, 3H,0, and 2-[14C]DG
concentrations. At the end of the insulin clamp, mice were anesthetized and tissue samples
were taken for biochemical and molecular analyses.

Whole body fat and lean mass of the animals were determined by H-MRS (Echo Medical
Systems, Oceanside, New York). Computerized metabolic cages (TSE Systems, Bad
Homburg, Germany) were used to simultaneously measure VO, consumption, VCO,
production, energy expenditure rates, respiratory quotient, physical activity, and food/water
intake in awake mice over 3 days. Labmaster cages that were the most similar to facility
home cages were used, thereby allowing the use of bedding in the cage and minimizing any
animal anxiety during the experimental period. Energy expenditure rates were normalized to
the lean mass of the animals. Energy metabolism of mice used in the food depletion
experiment was measured by the Comprehensive Lab Animal Monitoring System (CLAMS;
Columbus Instruments, Columbus, OH).
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Insulin injection into mice

Experiments were performed with female mice (6-month-old) that were fasted for 16 h.
After anesthetization by intraperitoneal administration of sodium pentobarbital (50 mg/kg of
body weight), saline or 5 U human insulin (Elli Lily and Company) was injected into the
mouse through the inferior vena cava. After 5 min, the gastrocnemius muscles were removed
and frozen in liquid nitrogen.

Muscle strength and exercise endurance

Exercise phenotyping of the animals was performed using a 6-lane treadmill with a variable
speed motor. Three and two days before the experiment, the 6-month-old female mice were
placed on the non-operating treadmill to acclimate them to the sight and smell of the
apparatus and the exercise training room. One day before the experiment, the mice were
allowed to walk or run slowly (~5 m/min) for 15 min. On the day of the test, the mice were
placed on the unmoving treadmill for 10 min, after which the treadmill was turned on at the
lowest speed for 10 min. After this warmup, the treadmill was turned up to a speed of 7 m/
min. The mice were exercised to fatigue by increasing the speed by 1 m/min every 3 min
until the animal refused to continue moving on the treadmill belt for more than 10 seconds.

The muscle strength of the animals (6-month-old females) was tested using the grip strength
meter (Bioseb, Pinellas Park, FL) according to the manufacturer’s instructions. Briefly, mice
were held by the tail, allowed to grasp the metal mesh of the meter with their four limbs, and
then were pulled backward in the horizontal plane. The force applied to the mesh at the
moment the grasp was released was recorded as the peak tension. The test was repeated five
consecutive times within the same session, and the mean of all trials was presented as the
grip strength of the animal.

Under general anesthesia, the gastrocnemius from the left hind limb was isolated from 6-
month-old female mice, then mounted on a holder vertically to the dual-mode muscle lever
arm system (Aurora Scientific Inc., Ontario, Canada). Muscle functional tests were
performed according to our previously established protocol (68). The whole muscle was
incubated in the organ bath of the ex vivo muscle functional test system (800A; Aurora
Scientific Inc.) containing mammalian Ringer solution (121 mmol/L NaCl, 5.4 mmol/L KClI,
1.2 mmol/L MgS04-7H20, 25 mmol/L NaHCO3, 5 mmol/L HEPES, 11.5 mmol/L glucose,
and 2.5 mmol/L CaCl2) maintained at room temperature and continuously pumped with a
gaseous mixture containing 95% O, and 5% CO,. A 15-min stabilization period was needed
after mounting. The optimal length (L) of the muscle was measured after two tetanic
contractions (1A, 300 ms duration, 150 Hz stimulation frequency) with 5 min intervals.
Under the Lo, the muscle was electronically stimulated two more times by a single stimulus
with a 1 min interval to evaluate the twitch characteristic (twitch force, Fg). A continuous
stimulus was given three times for 300 ms at 80 Hz with 5 min rest to evaluate the tetanic
contraction ability (tetanic force, F;). The contraction strength, contraction time, and half-
relaxation time were acquired directly. After the functional test, muscle mass was
determined. The muscle cross-sectional area (MCSA) was calculated by dividing the muscle
mass by the muscle optimal length (L) and the density of mammalian skeletal muscle (1.06
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mg/mm3). Normalized to MCSA, the specific twitch force (SF) and specific tetanic force
(SFy) were obtained according to our previously established protocol (68).

Statistical analysis

Results are expressed as the mean £ SEM and were considered significant when P < 0.05.
Statistical tests performed were Student’s £test, z-test, one-way ANOVA, or two-way
ANOVA followed by Tukey’s multiple comparison test or Bonferroni post-tests. Analyses
were performed using GraphPad Prism (GraphPad Software, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Fa?sting induces Bdnfexpression in glycolytic muscle through CREB signaling.

(A) Real-time PCR of Banf, Creb, and Ppargcla (which encodes PGC-1a) expression in
various mouse tissues after fasting (24 h); n = 4-5 mice per group. *P < 0.05, ***P < 0.001
compared to fed; Student’s £test.

(B) Circulating BDNF concentration in wild-type mice after fasting for various time
intervals; n = 5-6 mice per group. ***P < 0.001 compared to 0 h of the same sex; one-way
ANOVA.
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(C) Banfexpression in C2C12 myotubes after glucose depletion for various time intervals; n
= 4 independent experiments. *P < 0.05, ***P < 0.001 compared to 0 h; one-way ANOVA.
(D) Real-time PCR of Badnfexpression in C2C12 myotubes stimulated with different
concentrations of forskolin for 24 h; n = 4 independent experiments. ***P < 0.001 compared
to 0 uM; one-way ANOVA.

(E) Real-time PCR (top panel) of Bdnfexpression in C2C12 myotubes transfected with
empty vector (Control) or FLAG-tagged CREB (Flag-CREB) and cultured in glucose-free
medium (24 h). The abundance of FLAG-CREB and tubulin were determined by
immunoblotting (middle and bottom panels); n = 3 independent experiments. **P < 0.01,
***p < 0.01; two-way ANOVA.

(F) C2C12 myotubes were cultured in glucose-free medium for the indicated time points and
immunoblotted for phosphorylated CREB and AMPK and total CREB, AMPKa., and
tubulin. The immunoblots are representative of three independent experiments.
Quantification is shown in the right panel. *P < 0.05 compared to 0 h; one-way ANOVA.
(G) Wild-type mice were fasted for 24 h. Gastrocnemius muscles were collected and the
DNA binding activity of CREB was examined by ELISA; n = 4 mice per group. *P < 0.05;
Student’s #test.

(H) Genomic DNA and associated proteins were collected from C2C12 myotubes cultured
in normal or glucose-free medium for 24 h. ChIP assay was performed using control 1gG
(Ctr 1gG) or anti-CREB, and the associated Bdnfpromoter was detected using real-time
PCR; n = 4 independent experiments. **P < 0.01; Student’s #test.
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Fig. 2.

BI?)NF increases mitochondrial content, cellular respiration, and lipid oxidation in muscle
cells.

(A) Palmitic (PA) oxidation in C2C12 myotubes treated with the indicated concentrations of
BDNF for 24 h was measured with an extracellular flux analyzer; n = 4 independent
experiments. **P < 0.01 compared to 0 ng/mL; one-way ANOVA.

(B) Immunoblotting of the mitochondrial protein content in C2C12 myotubes treated with
BDNF (100 ng/mL) for the indicated time points. Immunoblots are representative of two
independent experiments.

(C) Real-time PCR of mitochondrial DNA in C2C12 myotubes treated with BDNF (100
ng/mL, 24 h). Results were normalized to genomic DNA content; n = 3 independent
experiments. *P < 0.05; Student’s £test.

(D) OCR traces for BDNF-stimulated (24 h) C2C12 myotubes; n = 4 independent
experiments. Oligo, oligomycin. Rot, rotenone. (E) Basal respiration, (F) maximal
respiration, and (G) ATP production of C2C12 myotubes treated with different
concentrations of BDNF (10-100 ng/mL) for 24 h; n = 4 independent experiments. *P <
0.05, **P < 0.01 compared to 0 ng/mL; one-way ANOVA.

(H) Analysis of various signaling pathways in C2C12 myotubes stimulated by BDNF (100
ng/mL) for the indicated time points. The phosphorylated and total abundance of the
indicated proteins was determined by immunoblotting. Immunablots are representative of
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three independent experiments. Quantification is shown in the right panel; n = 3
experiments. *P < 0.05 compared to 0 h; one-way ANOVA.
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Fig. 3.

Deficiency in muscle-derived BDNF impairs systemic energy metabolism.
(A) Growth curve of female FI/FI and MBKO mice fed a chow diet; n = 10 mice per group.
***p < 0.01; two-way repeated measures ANOVA.
(B) Total lean and fat mass of 28-week-old female FI/FI and MBKO mice; n = 6 mice per

group. *P < 0.01; Student’s #test.
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(C) Adipocyte size in inguinal WAT collected from 28-week-old female FI/FI and MBKO
mice; n = 5-6 mice per group. ***P < 0.01; Student’s #test.
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(D to H) Daily oxygen consumption (VO,) (D), daily CO, production (VCO5) (E), daily
energy expenditure (F), daily locomotion (G), and average RER (H) of 28-week-old female
MBKO mice; n = 6 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001; Student’s ttest.
(1) RER of 28-week-old female FI/FI and MBKO mice after fasting (24 h); n = 5 mice per
group. **P < 0.01; Student’s £test.

(J) FAO in gastrocnemius muscle isolated from 10-month-old female FI/FI and MBKO mice
that had been fed or fasted for 16 hours; n = 4 mice per group. *P < 0.05, **P < 0.01; two-
way ANOVA.

(K) Metabolic signaling in female FI/FI and MBKO (28-week-old) gastrocnemius muscle
after fasting (24 h) as determined by immunablotting. Each lane represents a different
mouse.

(L) Real-time PCR of FAQO genes in the gastrocnemius muscle of fasted (24 h) female
MBKO (28-week-old) mice; n = 4 mice per group. *P < 0.05, **P < 0.01; Student’s #test.
AcAA1a, encodes acetyl-CoA acyltransferase 1a; AcAAZ, encodes acetyl-CoA
acyltransferase 2; Acadl, encodes acyl-CoA dehydrogenase, long chain; Acadm, encodes
acyl-CoA dehydrogenase, medium chain; Acads, encodes acyl-CoA dehydrogenase, short
chain; Acadsb, encodes acyl-CoA dehydrogenase, short/branched chain; Acadv/, encodes
acyl-CoA dehydrogenase, very long chain; Cpt1b, encodes carnitine palmitoyltransferase 1b;
Cpt1b, encodes carnitine palmitoyltransferase 2; Echsi, encodes enoyl Co-A hydratase short
chain 1; Hadha, encodes enoyl-CoA hydratase; L/pe, encodes hormone-sensitive lipase; Lp/,
encodes lipoprotein lipase.
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Fig. 4.

The skeletal muscle of MBKO mice has reduced energy content but higher lipid metabolite
accumulation.

(A) Total triglyceride (TG), free fatty acid (FFA), and acylcarnitine content in the
gastrocnemius and soleus muscles of female MBKO mice as determined by LC/MS; n=4
mice per group.

(B) Metabolites of glycogenolysis, glycolysis, and tricarboxylic acid (TCA) cycle in the
gastrocnemius muscle of female FI/FI and MBKO mice after 24-h fasting; n = 4-5 mice per
group. Glc, glucose; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-
phosphate; 3PG, 3-phosphoglycerate; Pyr, pyruvate; Cit, citrate; Isoc, isocitrate; Suc,
succinate; Fur, fumarate; Mal, malate; Lac, lactate.

(C) Glycogen content in the gastrocnemius muscle of female FI/FI and MBKO mice after
fasting; n = 6—7 mice per group.

(D) Expression of glycogenolytic and glycolytic genes in the gastrocnemius muscle of
female FI/FI and MBKO mice after 24-h fasting as determined by RNA sequencing; n=4
mice per group. HkI, encodes hexokinase 1; Gpil, encodes glucose phosphate isomerase 1;
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Pgam1, encodes phosphoglycerate mutase 1; PgkZ, encodes phosphoglycerate kinase 1;
Pyg1, encodes glycogen phosphrylase 1; Pgm1, encodes phosphoglucomutase 1.

(E) AA content in the gastrocnemius muscle from female FI/FI and MBKO mice fasted for
24 h; n = 5 mice per group.

(F) ATP content in the gastrocnemius muscle of female MBKO mice after 24-h fasting; n =
5 mice per group.

(G) Summary of the biochemical pathways of glucose and lipid metabolism affected by
Badnfablation in the gastrocnemius during fasting. Upregulated metabolites or genes are
indicated in red and the downregulated metabolites or genes are indicated in blue. *P < 0.05,
**pP < 0.01; Student’s £test (A, B, D-F), two-way ANOVA (C).
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Fig. 5.

Digminished fasting-induced autophagy in MBKO muscle.

(A) Changes in total lean and fat mass of female FI/FI and MBKO mice after 24-h fasting; n
= 10-12 mice per group.

(B) Autophagy signaling in the gastrocnemius muscle of female FI/FI and MBKO mice after
24 hours of fasting as determined by immunoblotting. Each lane represents a different
mouse. Quantification is also shown; n = 3 mice per group.

(C) Representative LC3 immunofluorescent images of gastrocnemius muscle sections from
fasted (24 h) female FI/FI and MBKO mice (upper panel). Scale bar, 50 um. Magnified
images of the selected regions (yellow boxes) are shown in the lower panel. n = 3 mice per
group.

(D) Representative H&E staining of gastrocnemius muscle sections from fed or fasted
female FI/FI and MBKO mice. Centronuclear myopathy (yellow asterisks), necrosis (black
arrow heads), myositis (black arrows) and focal invasion of non-necrotic muscle fibers by
inflammatory cells (yellow arrowhead) are indicated. Scale bar, 50 pm. n = 3 mice per

group.
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(E) Total muscle strength of fed female FI/FI and MBKO mice (6-month-old) as determined
by the grip-strength test; n = 6 mice per group.

(F) The specific tetanic force, stiffness (SFq/SF), specific twitch fore, and fatigue rate of
gastrocnemius muscles isolated from fed female FI/FI and MBKO mice (6-month-old) as
determined by ex vivo functional assessment; n = 6 mice per group.

(G) Total time and distance run by fed female FI/FI and MBKO mice (6-month-old) on a
treadmill; n = 6 mice per group. *P < 0.05, **P < 0.01; Students #test.
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Fig. 6.

MBKO mice display muscle-specific insulin resistance.
(A) Glucose tolerance test (GTT) of 5 month old female FI/FI and MBKO mice fasted for 16

hours; n = 6 mice per group.

(B) Area under curve (AUC) for the GTT shown in Fig. 6A; n = 6 mice per group.
(C) Glucose infusion rate for 16 h-fasted female FI/FI and MBKO (28-week-old) mice
during hyperinsulinemic-euglycemic clamping; n = 6-8 mice per group.
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(D) Whole body glucose turnover in female FI/FI and MBKO (28-week-old) mice during
hyperinsulinemic-euglycemic clamping; n = 6-8 mice per group.

(E) Insulin-stimulated glucose uptake by the gastrocnemius muscle of female FI/FI and
MBKO (28-week-old) mice during hyperinsulinemic-euglycemic clamping; n = 6 mice per
group.

(F) Insulin-stimulated glucose uptake by WAT of female FI/FI and MBKO (28-week-old)
mice during hyperinsulinemic-euglycemic clamping; n = 6 mice per group.

(G) Insulin-stimulated signaling in gastrocnemius muscle isolated from 16 h-fasted female
FI/FI and MBKO mice (6-month-old). Each lane represents a different mouse. Quantification
is shown in the right panels; n = 3 mice per group.

(H) Differentiated C2C12 myotubes infected for 48 h with control adenovirus (Ad-Ctr) or
adenovirus expressing shBdnf (ad-shBdnf) were stimulated with human insulin (100 nM, 30
mins) and immunoblotted as indicated. Each lane represents a different set of cells.

(1) Hepatic glucose production (HGP) of FI/FI and MBKO (28-week-old) mice during
hyperinsulinemic-euglycemic clamping; n = 6 mice per group.

(J) Hepatic glycogen content in fed or 24 h-fasted female FI/FI and MBKO mice (6-month-
old); n = 4 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001; two-way repeated
measures ANOVA (A), Student’s ~test (B-E), two-way ANOVA (G, J).
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Table 1
Blood metabolite analysis of MBKO mice
Fed Fasted
FI/FI MBKO FI/FI MBKO

Glucose (mg/dL) 128.4+8.2 140.7 + 6.8 921+ 3.8b 119.9 + 10.2 *
Insulin (ng/ml) 0.63+0.08 0.88 +0.08 0.35 + 0.06% 074 +0.09 *
TG (mM) 103£008 1511020 346+054° 5900717 ¢
FFA (mM) 0.70£0.08  1.04+0.16  1.09+0.25 163+0.14%
BDNF (ng/ml) 549283  361%093 o e o0 ju00ic60”
Alanine (nM) 0.33+0.02  030£002 o 0070 94001 0
CK activity (nmol/min/ml) ~ 39.36+2027 53.19+974 37.10+1832 oo, 4 b

Sera were collected from mice (6-month-old; n = 4-8 mice per group) fed ad libitum or fasted for 24 h. Results are expressed as the mean + SEM
*
P <0.05
P<0.01
AAA
P < 0.001 compared to FI/FI mice of the same treatment group.
% <005

bP <0.01

CP < 0.001 compared to the same genotype; Student’s #test. CK, creatine kinase; FFA, free fatty acid; TG, triglyceride.
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