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Acetoacetate (AA) is a ketone body and acts as a fuel to supply
energy for cellular activity of various tissues. Here, we uncov-
ered a novel function of AA in promoting muscle cell prolifera-
tion. Notably, the functional role of AA in regulating muscle cell
function is further evidenced by its capability to accelerate mus-
cle regeneration in normal mice, and it ameliorates muscular
dystrophy in mdx mice. Mechanistically, our data from multipa-
rameter analyses consistently support the notion that AA plays a
non-metabolic role in regulating muscle cell function. Finally,
we show that AA exerts its function through activation of the
MEKI1-ERK1/2-cyclin D1 pathway, revealing a novel mecha-
nism in which AA serves as a signaling metabolite in mediating
muscle cell function. Our findings highlight the profound func-
tions of a small metabolite as signaling molecule in mammalian
cells.

Satellite cells, which are among the most abundant well
defined adult stem cell types in skeletal muscle, play function-
ally important roles in postnatal growth, repair, and the regen-
eration of skeletal muscle (1-6). Because of their powerful abil-
ity to regenerate in vivo in response to muscle damage and
various stimuli, satellite cells represent important targets for
the treatment of muscular diseases (7—10). The recent develop-
ment of stem cell-based regenerative medicine strategies has
brought enormous interest in the discovery of regulatory fac-
tors capable of controlling satellite cell functions, such as acti-
vation, proliferation, differentiation, and self-renewal (11-13).
Identification of such factors is expected to not only improve
our understanding of the regulatory mechanisms that govern
satellite cell functions, but also to facilitate the development of
stem cell-based therapies for the treatment of muscular dystro-
phy or other chronic diseases associated with muscle wasting.

Recent studies demonstrating a close correlation between
cell proliferation and metabolic alterations in various tumor
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types have drawn attention to the significance of intrinsic small
metabolites as signaling molecules responsible for regulating
various cellular activities (14, 15). Although only a very limited
number of such metabolites have been identified to date, accu-
mulating evidence suggests that these metabolites can be onco-
genic and alter cell signaling through epigenetic regulation. For
example, 2-hydroxyglutarate (2-HG),* succinate, and fumarate,
which are the best characterized small metabolites with onco-
genic function, have come to be regarded as oncometabolites
(16-19). In tumor cells, 2-HG is generated by mutant forms of
isocitrate dehydrogenase (IDH1 and IDH2) (20-23), whereas
succinate and fumarate accumulate via mutant forms of succi-
nate dehydrogenase and fumarate hydratase, respectively (24 —
27). It has been clearly demonstrated that increases in the levels
of these oncometabolites play causal roles in tumorigenesis
(26 —34). Recent studies of the molecular mechanisms underly-
ing their action have revealed that 2-HG and elevated levels of
succinate and fumarate exert their oncogenic functions by
broadly inhibiting multiple a-ketoglutarate-dependent histone
and DNA demethylases, including histone demethylases, prolyl
hydroxylases, collagen prolyl-4-hydroxylases, and the TET
family of 5-methlycytosine hydroxylases (34—36). In addition,
some lipid synthesis intermediates, such as malonyl-CoA, par-
ticipate in promoting cancer cell proliferation through the tran-
scriptional regulation of growth factor receptors (37). Lyso-
phosphatidic acid, however, signals through lysophosphatidic
acid receptors to stimulate cancer cell proliferation and survival
(6, 38). Minetti et al. (39) recently reported that lysophospha-
tidic acid stimulates muscle hypertrophy and differentiation
through the activation of Gnai2 (G protein-binding, a-in-
hibiting 2) in a nuclear factor of activated T-cell-dependent
and protein kinase C (PKC)-dependent manner. Interest-
ingly, another recent study reveals that 2-HG plays an epige-
netic role in regulating the expression levels of genes
involved in the differentiation of non-transformed cells (40),
indicating that the signaling role of metabolites is not
restricted to cancer development and suggesting that metab-

“The abbreviations used are: 2-HG, 2-hydroxyglutarate; AA, acetoacetate;
3HB, 3-hydroxybutyrate; ChREBP, carbohydrate-response element-bind-
ing protein; HMB, B-hydroxy-B-methylbutyrate; AMPK, AMP-activated
protein kinase; EDL, extensor digitorum longus; SCFA, short-chain fatty
acid; FTA, farnesyl-thioacetic acid; CTX, cardiotoxin; TA, tibialis anterior;
SCOT, succinyl-CoA:3-oxo-acid CoA-transferase; TFAM, mitochondrial
transcription factor A; Cyto-c, cytochrome c.
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olites may exert significant actions through non-metabolic
pathways during normal development. However, we are only
just beginning to understand the range of these functions in
non-cancer cells.

Acetoacetate (AA) and 3-hydroxybutyrate (3HB) are the
main ketone bodies. They are produced by the liver and used
peripherally as energy sources for various organs, particularly
the skeletal muscle and brain, under conditions that include
starvation, limited carbohydrate availability, and the neonatal
period (41). AA participates in various biological processes that
do not involve 3HB, including insulin release in vitro (42), gen-
eration of free oxygen radicals (43—45), and lipid peroxidation
(46). AA also stimulates chaperone-mediated autophagy (47)
and down-regulates the expression of ATP-binding cassette
transporter A1 (ABCA1) in vitro (48). AA, but not 3HB, pro-
motes the secretion of interleukin (IL)-6 in cultured U937
monocytic cells (49). Interestingly, in neural cells, AA exerts its
protective effect against glutamate-induced oxidative stress on
HT?22 cells and rat primary hippocampal neurons by decreasing
glutamate-induced production of reactive oxygen species (50).
Increasing concentrations of AA, but not 3HB, cause a signifi-
cant up-regulation of ICAM1 (intercellular adhesion molecule
1) in human brain microvascular endothelial cells (51). In myo-
cardial cells, AA is involved in regulating the incorporation of
glucose into glycogen and mediating the relative contributions
of exogenous glucose and endogenous carbohydrate to myocar-
dial energy metabolism (52). Interestingly, a ketogenic diet has
long been known to be beneficial for the treatment of children
with intractable seizures by unknown mechanisms (53, 54).
These tantalizing reports not only suggest that AA may play
important roles in various biological processes but also suggest
that it may have regulatory functions in addition to its involve-
ment in energy production. In fact, the function of AA as a
signaling molecule in regulating the a2oDAEB operon has been
well characterized in a bacterial two-component system (55), in
which AA generates a signal that mediates short-chain fatty
acid (SCFA) catabolism during bacterial cell growth and in
response to a wide range of stimuli (56). However, a regulatory
function of AA as a signaling molecule has not been reported in
a mammalian system.

Here, we report that AA plays a previously unrecognized sig-
naling role in promoting skeletal muscle cell proliferation in
vitro. AA also significantly enhanced muscle regeneration by
stimulating muscle satellite cell activation and proliferation in
vivo. More remarkably, treatment of muscular dystrophin-de-
ficient mdx mice with AA significantly ameliorates muscular
dystrophy characterized by the improved muscle integrity,
recovered muscle strength, and enhanced exercise perfor-
mance. Moreover, we demonstrate that AA, functioning as a
signaling molecule, acts through the MEK-ERK-cyclin D1 path-
way in a Ras-independent manner. Our findings not only pro-
vide a proof of concept that small metabolites can act to couple
cell metabolism and muscle stem cell functions in mammals,
but also provide a rationale for potentially utilizing this metab-
olite and maybe its derivatives treating diseases associated with
muscle wasting in humans.
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Experimental Procedures

Skeletal Muscle Regeneration and AA Treatment in Mice—
All animal experiments were performed in C57BL/6 or mdx
mice. The care and handling of animals was performed in
accordance with the guidelines of the Animal Ethics Commit-
tee of Peking Union Medical College, Beijing, China. The mice
were anesthetized by intraperitoneal injection of 10 mg/kg ket-
amine and 1 mg/kg xylazine. For monitoring of muscle regen-
eration, muscle injury was induced in 8-week-old C57BL/6
mice by injection of CTX (20 ul of 10 um CTX in PBS; Sigma)
into the mid-belly of the right tibialis anterior (TA) muscle. The
left TA muscle of each tested mouse was injected with PBS (20
wl) as a control. For AA (Sigma) treatment, TA muscles were
injected with 20 ul of different doses of AA (20, 30, and 50 mm)
or PBS at 0, 2, and 4 days after CTX injection (n = 5 per group).
For the mdx rescue experiment, 3-month-old mdx mice (5-10
mice each) were given daily intraperitoneal injections of AA
(220 mg/kg); 0.9% NaCl was used as control.

Cell Culture and Treatments—Mouse C2C12 cells were cul-
tured in growth medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 4.5 g/liter
glucose, 10% fetal bovine serum (FBS), 1% antibiotic/antimy-
cotic, and 1% gentamycin at 37 °C in a 5% CO, atmosphere.
After reaching about 20 -30% confluence, cells were starved by
incubation in serum-free DMEM for 10—12 h, and then treated
with different doses (0.1, 1, and 5 mm) of AA in low glucose (1
g/liter glucose) DMEM for different lengths of time. Cells
treated with the same amount of PBS were used as controls.
Under the same experimental conditions, cells were also
treated with 3HB, acetone, acetoacetyl-CoA, acetyl-CoA, suc-
cinate (all from Sigma), and IGF1 (R&D). For inhibitor studies,
the pharmacological inhibitors, PD98059 (20 um; Cell Signal-
ing), FTA (manumycin A, 5 um; Calbiochem), GW5074 (2.5
mm; Calbiochem), Trolox (0.5 mwm; Sigma), N-acetyl-L-cysteine
(2.5 mm; Sigma), suramin (300 um; TOCRIS), nystatin (25
pg/ml; Sigma), chlorpromazine (50 um), and bafilomycin Al
(BFA1; 50 nm) were added to the low glucose DMEM 1 h prior
to AA treatment. Cell proliferation was measured by FACS
analysis. Each assay was performed in three replicates and was
repeated at least three times. For cyclin D1 knockdown, C2C12
cells were transfected with three cyclin D1-specific siRNAs
(100 um) or a control siRNA, using the FUGENE HD transfec-
tion reagent (Roche Applied Science). The transfected cells
were treated with AA as described above. Acetoacetate sodium
was synthesized and purified by HPLC.

Muscle Histology and Hematoxylin and Eosin (H&E)
Staining—T A muscles were harvested 2, 3, 5, and 7 days after
CTX injury, fixed overnight with 4% paraformaldehyde (Sigma)
in PBS, and paraffin-embedded for H&E staining. Newly regen-
erating (centronucleated) myofibers were quantified by analy-
sis of randomly selected fields from muscle sections, using the
ImagePro Plus 5.1 software (Olympus).

Immunofluorescence Staining of Frozen Sections and C2C12
Cells—For Pax7 immunostaining, fresh sections were fixed in
4% paraformaldehyde for 20 min, permeabilized with methanol
(—20°C) for 6 min, and blocked with a solution containing 4%
bovine serum albumin (BSA; Jackson ImmunoResearch) in
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PBS. The sections were then subjected to antigen retrieval with
100 mMm sodium citrate, followed by a second round of blocking
with goat anti-mouse AffiniPure Fab fragments (Jackson
ImmunoResearch, 1:100). For Pax7 immunostaining, sections
were incubated overnight at 4 °C with an anti-Pax7 antibody
(Developmental Studies Hybridoma Bank; 1:20). The sections
were then washed with PBS, and Pax7 signals were visualized by
incubation with biotin-conjugated goat anti-mouse IgG1 (Jack-
son ImmunoResearch; 1:1000) and Cy3-conjugated streptavi-
din (Jackson ImmunoResearch; 1:2500). Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPL Invitrogen). For
MyoD immunostaining, fresh sections were fixed in 4% para-
formaldehyde for 20 min, permeabilized with 0.2% Triton
X-100 in PBS for 10 min, and blocked by incubation with 5%
BSA, 6% goat serum, 0.2% PBST at room temperature for 2 h.
Immunostaining with anti-MyoD (Santa Cruz Biotechnology;
1:50) antibodies was performed by overnight incubations at
4 °C. After the sections were washed, immunoreactive proteins
were visualized by incubation with fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG (ZhongShanJinQiao
Co.). Nuclei were stained with DAPI (Roche Applied Science).
The numbers of Pax7* and MyoD™ cells in sections (n = 10)
were counted. Differentiated C2C12 cells were immunostained
with anti-myogenin and anti-MHC as described for MyoD, and
the numbers of myogenin™ and MHC™ cells were quantified
from more than 20 images obtained from three sections.

BrdU Incorporation Assay—For in vivo BrdU incorporation
assays, 125 mg/kg BrdU (Sigma) was injected into TA muscles
2 h prior to harvesting. Frozen sections were fixed with cold
acetone (—20 °C) for 10 min, incubated in 2 N HCl at 37 °C for
30 min for DNA denaturation, and then immersed twice in 0.1
M borate buffer (5 min each) for neutralization of the acid. After
three washes with PBS, the sections were blocked with 5% goat
serum for 30 min and then incubated with anti-BrdU (Abcam)
at 4 °C overnight. The sections were then washed with PBS and
incubated with FITC-conjugated goat anti-rat IgG for visual-
ization of the BrdU signals. The BrdU-positive cells were quan-
tified in 50 sections from five mice.

Cell Proliferation Assay—For FACS assays, cells were di-
gested with trypsin, transferred to a 15-ml tube, and collected
by centrifugation at 1100 X g for 3.5 min. The harvested cells
were washed with 1 ml of PBS and fixed by incubation overnight
at 4 °C with 4 ml of 75% ethanol in PBS. The fixed cells were
harvested and washed with PBS, and then incubated with 100 ul
of 1 mg/ml RNase A (AMRESCO) at 37 °C for 30 min. Finally,
the cells were stained with 400 ul of propidium iodide (50
pg/ul; Calbiochem), and the ratio of cells in S-phase was ana-
lyzed by FACS. For analysis of [*H]thymidine incorporation, 5
uCi of [*H]thymidine was added to the culture medium. Six
hours later, the cells were harvested, washed three times with
PBS, and trypsinized, and radioactivity was measured using a
scintillation counter.

Treadmill Test—The treadmill test was performed using an
Exer3/6 (Columbus Instruments). Mice were acclimated to
treadmill running three times (every other day) before the test
was performed. Mice ran on the treadmill at 15° downhill, start-
ing at a speed of 10 m/min. After 3 min, the speed was increased
by 1 m/min to a final speed of 20 m/min. Exhaustion was
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defined as the inability of the animal to remain on the treadmill
despite electrical prodding.

Evan’s Blue Assay—Evan’s blue dye was dissolved in PBS
(0.15 M NaCl, 10 mm phosphate buffer, pH 7.4) and sterilized by
passage through membrane filters (0.2-um pore size). Animals
were injected intravenously with 50 ul of dye solution (0.5 mg of
Evan’s blue dye, 0.05 ml PBS) per 10 g of body weight and then
run for 30 min every day; 72 h later, they were killed by cervical
dislocation. The extensor longus digitorum (EDL) muscles
were embedded in OCT and snap-frozen in liquid nitrogen. For
visualization, the muscle sections were incubated in ice-cold
acetone at —20 °C for 10 min, washed three times with PBS (10
min each), and mounted. Fluorescence microscopy showed
Evan’s blue dye staining as a bright red emission.

Force Measurements—EDL muscles were constantly im-
mersed in physiological saline solution containing 118.5 mm
NaCl, 4.7 mm KCl, 2.4 mm CaCl,, 3.1 mm MgCl,, 25 mm
NaHCO,, 2 mm NaH,PO,, and 5.5 mm D-glucose. All solutions
were continuously bubbled with 95% O,, 5% CO, (v/v) and
maintained at a pH of 7.4. All experiments were carried out at
25 °C. Contractions were elicited by passing a current between
two platinum electrodes located on opposite sides of the mus-
cle. Twitch contractions were elicited with a single 0.3-ms
square pulse of 10 V at 200 Hz, whereas tetanic contractions
were elicited with a 200-ms train of the same pulse at frequen-
cies of 200 Hz. Muscle length was adjusted to obtain maximum
tetanic force, and a 15-min equilibrium period was allowed
before any force-frequency measurements. Contractions were
elicited every 2 min during the experiment. Force was mea-
sured with a dual-mode muscle lever system (ADInstruments
Pty Ltd. and GRASS S88X) and digitized at 4 kHz with an ana-
log-digital board (ADInstruments LabChart). Peak twitch and
tetanic force were calculated as the difference between the
maximum force during contraction, and the force was mea-
sured at 5 ms before the contraction.

Creatine Kinase Assay—Creatine kinase concentration was
measured using a commercially available kit (Abnova).

Single Fiber Isolation and AA Treatment—Single myofibers
were isolated from the gastrocnemius muscles of 8-week-old
mice by collagenase I (Sigma; C-0130) digestion (57). Briefly,
each harvested gastrocnemius muscle was incubated in 3 ml of
0.2% collagenase I in serum-free DMEM, in a shaking water
bath at 35 °C for 60 -90 min. Digestion was considered com-
plete when the muscle looked less defined and slightly swollen,
with hair-like single fibers appearing to come away from the
edges. The digested muscles were placed in a Petri dish, and
myofibers were isolated under a microscope. Single fibers were
placed in 6-well plates pre-coated with Matrigel (1:3; BD Bio-
sciences) and allowed to attach for 3 min. Then, 2 ml of fiber
medium (DMEM supplemented with 10% horse serum, 0.5%
chick embryo extract, 1% antibiotic/antimycotic, and 5 mm AA)
was added. The fibers were cultured for 48 h at 37 °C in a 5%
CO, atmosphere, fixed with 4% paraformaldehyde, and stained
for Pax7 and MyoD as described below. The numbers of Pax7 ™"
and MyoD™ cells determined from counts of at least 40 single
fibers were used for statistical analyses.

Western Blot Analysis—Muscle tissues and C2C12 cells were
lysed in a buffer containing 50 mm Tris, pH 7.5, 150 mm NaCl,
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0.5% Nonidet P-40, and protease and phosphatase inhibitors.
The protein lysates were resolved by SDS-PAGE and trans-
ferred to a polyvinylidene fluoride membrane. Immunoblotting
was performed with primary antibodies against Pax7 (from
Developmental Studies Hybridoma Bank); MyoD, VDAC]1, and
Tim23 were from BD Biosciences; cyclin D1, cyclin E, Cdk2,
and Cdk4 were from Santa Cruz Biotechnology; Ras, phospho-
Raf, Raf, phospho-MEK, MEK, phospho-ERK, ERK, phos-
pho-Akt, Akt, phospho-p38, p38, phospho-AMPKa, AMPKe,
phospho-AMPKB, and AMPKB were from Cell Signaling
Technology; Oxctl, embryonic MHC, and B-actin were from
Sigma; and GAPD was from Millipore. Membranes were
washed for 30 min, incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Zhongshanjinqiao
Corp.) for 1 h at room temperature, and then washed with PBS
for 30 min. Each membrane was then placed into Detection
Solution (Thermo), incubated for 1 min at room temperature,
and subsequently exposed to x-ray film. The bands were quan-
tified using Image] software. Each assay was performed in three
replicates and was repeated at least three times.

Quantitative PCR Analysis—Total RNA was extracted using
the TRIzol reagent (Life Technologies, Inc.) and reverse-tran-
scribed using RevertAid reverse transcriptase (Thermo Scien-
tific). Quantitative PCR analyses were performed using an iQ5
Multicolor Real Time PCR Detection System (Bio-Rad).
The primer sequences were as follows: HKII-F, 5'-AAC CTC-
AAA GTG ACG GTG GG-3', and HKII-R, 5'-TCA CAT-
TTC GGA GCC AGA TCT-3'; PFKI-F, 5'-GAA CTA CGC-
ACA CTT GAC CAT-3',and PFKI-R,5'-CTC CAA AAC AAA
GGT CCT CTG G-3'; Cyto-c-F,5'-GAG TTT TGG GCT GAT
GGG TA-3', and Cyto-c-R, 5'-ATC CCG CTG TA ACA CCA
GTC-3'; TFAM-F, AGC CAG GTC CAG CTC ACT AA-3/,
and TFAM-R, 5'-AAA CCC AAG AAA GCA TGT GG-3'; and
B-ATP synthase-F,5'-GAG GGA TTA CCA CCCATCCT-3/,
and B-ATP synthase-R, 5'-CAT GAT TCT GCC CAA
GGT CT-3".

SCOT Enzymatic Activity Assay—C2C12 cells treated with
different dosages of AA were trypsinized, harvested, washed
twice with PBS, and then lysed in 50 mm sodium phosphate, pH
8.0, and 0.1% Triton X-100. SCOT activity was measured in the
direction of succinyl-CoA formation by spectrophotometrico
measurement of acetoacetyl-CoA disappearance, as described
by Williamson et al. (58) with some modifications. The detec-
tion mixture (final volume, 1 ml) contained 50 mm Tris-HCI
buffer, pH 8.5, 10 mm MgCl,, 4 mm iodoacetamide, 30 um ace-
toacetyl-CoA, and 50 mwm succinate. After the 30 ug of protein
sample was added, the rate of increase in absorption at 303 nm
was measured for 4 min. The millimolar extinction coefficient
used for acetoacetyl-CoA was 21.0 (303 nm).

Measurement of Lactate Release—After treatment with AA
or 3HB for 12 or 24 h, the conditioned media of C2C12 cells
were collected, and the amount of lactate released into the
medium was determined using a commercially available kit
(Jiancheng Corp.), as described previously (59).

Luciferase Reporter Assay—To assess cyclin D1 promoter
activity, a cyclin D1 promoter-luciferase reporter plasmid was
transiently transfected into C2C12 cells using the FuGENE HD
transfection reagent (Roche Applied Science). Twenty four

2184 JOURNAL OF BIOLOGICAL CHEMISTRY

hours later, transfected cells were stimulated with AA, and the
luciferase activity in cell lysates was determined using the Dual-
Luciferase reporter assay system (Promega) according to the
manufacturer’s instructions.

Metabolic Measurement—Metabolic measurements were
obtained by using an Oxymax Lab Animal Monitoring System
(Columbus Instruments, Columbus, OH). The system was cal-
ibrated against a standard gas mixture to measure O, con-
sumed (VO,, ml/kg/h) and CO, generated (VCO,, ml/kg/h).
These measurements were taken on animals that had received
AA treatment for 2 months. The first 12 h were a period of
adaptation for the animals, and then metabolic rate (VO,) and
food intake were evaluated for a 24-h period. Energy expendi-
ture (or heat production) was calculated as the product of the
calorific value of oxygen (3.815 + 1.232 X respiratory quotient)
and the volume of O, consumed.

RNA-Seq Data Analysis—Raw sequencing data were mapped
to mouse genome mm9 assembly via BWA algorithm with
default parameters. DEGSeq was used to count the read cover-
age for each gene. The differentially expressed genes were fil-
tered with the criterion of more than 1.5-fold changes via SAM.
GOTERMFINDER, a tool for finding significant GO terms
among a group of genes, was used for GO enrichment analysis.
Gene validation was performed using a iQ5 Multicolor real
time PCR detection system (Bio-Rad). The primer sequences
were designed with DNAMAN.

Statistical Analysis—Results are presented as means * S.E.
Statistical significance of the difference between two means was
calculated using the Student’s ¢ test. p < 0.05 was considered to
represent a statistically significant difference.

Results

AA Promotes Skeletal Muscle Cell Proliferation—To identify
intrinsic metabolites with the potential to function as therapeu-
tics to enhance muscle regeneration and cure diseases involving
skeletal muscle degeneration, we examined the functional role
of ketone bodies, including AA, 3HB, and acetone, in promot-
ing myogenic C2C12 cell proliferation in vitro. Interestingly, we
found that only AA promoted C2C12 cell proliferation evi-
denced by an increase of cells in S-phase (Fig. 1a). The func-
tional role of AA in promoting C2C12 cell proliferation was
further corroborated by treating cells with different doses of
AA for the indicated times. AA concentration- and time-depen-
dently increased the percentage of cells in the S-phase of the cell
cycle (Fig. 1, b and ¢). Moreover, the efficiency of AA in pro-
moting cell proliferation was similar to that of IGF1 (insulin-
like growth factor 1), a cytokine well known for its ability to
stimulate C2C12 cell proliferation. Notably, we observed that
AA potentiated the stimulatory effect of IGF1 on C2C12 cell
proliferation and partially antagonized the inhibitory effect of
myostatin (Fig. 1d). Together, the results indicated that AA
promoted C2C12 cell progression from G;-phase to S-phase.

AA Accelerates Muscle Regeneration by Stimulating Satellite
Cell Activation, Proliferation, and Differentiation in Mice—The
promotion of C2C12 cell proliferation in vitro by AA prompted
us to investigate whether AA could accelerate skeletal muscle
regeneration in vivo. To this end, we induced muscle damage in
B6 mice by injecting CTX into the TA muscles of mice, and we
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FIGURE 1. AA promotes C2C12 cell proliferation. a, C2C12 cells were treated with 5 mm AA, 3HB, or acetone for 24 h, and cell proliferation was measured by
FACS analysis. b, proliferation of C2C12 cells treated with increasing amounts of AA, recombinant IGF1, or PBS for 24 h was analyzed by FACS and [*H]thymidine
incorporation assay. ¢, proliferation of C2C12 cells treated with PBS or 5 mm AA for different times (24, 36, and 48 h) was analyzed by FACS and [*H]thymidine
incorporation assay. d, proliferation of C2C12 cells stimulated by combined treatment with 5 mm AA and IGF1 (or myostatin) was assessed by FACS. Similar
results were obtained in three separate experiments. Data are presented as means = S.E. (error bars; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

examined the effect of different concentrations of AA on the
regeneration of damaged TA muscles at the indicated time
points. PBS-injected muscles were used as controls. As shown
in Fig. 2a, regeneration of damaged muscle was time- and dose-
dependently accelerated by AA treatment, as evidenced by the
increased numbers of regenerating myofibers with centronu-
cleated fibers compared with PBS-treated muscles. Regener-
ated myofibers in AA-treated mice were significantly larger
than those of control mice (Fig. 2b). To further confirm the
muscle regeneration-enhancing function of AA, we evaluated
the influence of AA on satellite cell activation in the regenerat-
ing muscles by immunostaining sections with antibodies
against Pax7 and MyoD (Fig. 2¢) and counting the number of
Pax7" and MyoD ™ cells (Fig. 2d). The transcription factor Pax7
is expressed in quiescent and activated satellite cells, whereas
MyoD expression is considered to be an indicator of satellite
cell activation during muscle regeneration (60— 62). We found
that up to 30 mmol/liter of AA induced a concentration-depen-
dent increase in the numbers of Pax7* and MyoD™ cells (Fig.
2d). To quantify the effect of AA on satellite cell activation, we
counted the number of Pax7 " and MyoD ™ cells in injured mus-
cles treated with 30 mmol/liter of AA 1 day post-injury. The
number of MyoD™ cells in the Pax7* cell population was
significantly greater in the AA-treated muscle than in PBS con-
trols 1 day after CTX damage (Fig. 2¢), indicating that AA ac-
celerated muscle regeneration by promoting satellite cell acti-
vation at an early stage of muscle regeneration. Furthermore,
AA dramatically increased the number of Pax7* and MyoD™
cells at each stage during muscle regeneration relative to PBS-
treated controls (Fig. 2f). This increase peaked 3 days post-in-
jury, suggesting that AA promotes proliferation of activated
myogenic cells during the proliferative phase of muscle regen-
eration. To further confirm this, we collected AA-treated and
control TA muscles 3 days after CTX damage, immunostained
the samples with antibodies against the proliferation marker,
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bromodeoxyuridine (BrdU), and MyoD, and quantified the
number of proliferative myogenic cells (BrdU"/MyoD™) in the
regenerating muscle. As shown in Fig. 2g, the number of
BrdU"/MyoD™" cells was significantly increased in AA-treated
regenerating muscle compared with PBS controls. We further
validated the AA-stimulated activation and proliferation of sat-
ellite cells by treating isolated single fibers with AA. As shown
in Fig. 241, more Pax7 " and MyoD ™ satellite cells were detected
in AA-treated single fibers than in PBS controls. Consistent
with this, AA induced considerable concentration- and time-
dependent increases in the protein levels of Pax7 and MyoD in
the damaged TA muscles (Fig. 2i). In addition, AA also signifi-
cantly increased expression of embryonic MHC (Fig. 2i), indi-
cating a functional role of AA in promoting de novo myogenesis
during the regeneration. Collectively, these data provide in vivo
experimental evidence that AA remarkably accelerates the acti-
vation of muscle satellite cells and notably stimulates the pro-
liferation of the activated myogenic cells during muscle regen-
eration in mice.

AA Treatment Improves the Dystrophic Muscles of Mdx
Mice—Duchenne muscular dystrophy is a devastating genetic
muscular disorder of childhood; it is characterized by progres-
sive debilitating muscle weakness and wasting, followed ulti-
mately by death in the 2nd or 3rd decades of life. mdx mice, a
model of human Duchenne muscular dystrophy, have been
widely used to study the development of the disease and iden-
tify potential candidate drugs (63, 64). Therefore, we investi-
gated the therapeutic potential of AA in ameliorating muscular
dystrophy in mdx mice. Prior to treating the mdx mice with AA,
we first assessed the possible side effects of long term AA
administration in B6 mice for 2 months. The AA-treated mice
did not show overt physiological abnormality as evidenced by
unaffected body weight and 3HB levels, normal blood glucose,
and glucose tolerance (data not shown). In addition, metabolic
chamber analysis indicated that AA-treated mice showed no

JOURNAL OF BIOLOGICAL CHEMISTRY 2185

970z ‘€z 8unr uo (A1sleAlun A1 ungna) ey | e /B10-9q-mmmy/:dny woly pepeojumoq


http://www.jbc.org/

Signaling Role of AA in Regulating Muscle Cell Functions

fN 800 mCon 1000 il
E o OMm  E Mg Boon
£ 600 E 800
[ [
= o 600 *
= 400 =
8 8 400 M3
% 200 3 200
b 8 4
0 2 0
] 2d 3d 5d 2d 3d 5d
£0o
z2 g
"o co5 75
] =0 *k
g ﬁ MyoD BrdU Merge 28 60
£9 83 45
B 5 by 30
o —E (=)
o 15
RZ 0
h Con AA
Cross-sectional fiber area (um?) *
30
C

Pax7 MyoD Merge

Pax7*MyoD*
cells per myofiber

1000 * 1000 %
£800 1 ——2 £ 500 i __PAmM)
@ 5 Con 20 30 50
g 600 & 600
@ @ Pax7 | s —
8 400 © 400
b s MyoD | S S———
% 200 3 200
5 2 GAPDH | S s s —
0 g 2d 3d 5d
Con 20 30 50 Con 20 30 50 AA -+ = =
AA (mM) AA (mM) Pax7 |- . e - —
3 40 -~ -
[} MyoD - -
Pax7 MyoD Merge % 2 —= yoL - -
o3 30 GAPDH | c s s c cm
Q20
ok 3d 5d
§° F 10 AA - + - +
= £ 9 EMHC | v S s
Con AA GAPDH | amm sesams e

FIGURE 2. AA treatment stimulates satellite cell activation and proliferation during muscle regeneration. The data are representative of those obtained
in experiments on TA muscles from five mice. a, H&E-stained serial cross-sections from mouse TA muscle treated with different dosages of AA at post-injury day
3.b, cross-sectional areas of regenerated myofibers in PBS control (Con) and 30 mm AA-treated TA muscle 7 days after CTX injury were measured by Image-Pro
Plus based on H&E staining of CTX-injured TA muscle sections. ¢, representative image of sections from TA muscles, injected CTX and treated with AA for 3 days,
immunostained for Pax7 (red), MyoD (green), and nuclei (DAPI; blue). Right panel shows merged image with DAPI. d, quantification of Pax7* and MyoD ™" cells.
The histogram represents the percentage of cells retaining Pax7* and MyoD™ in each subpopulation (=2000 cells/condition). e, representative image of Pax7
and MyoD staining and quantification of Pax7 */MyoD* cells 1 day post-injury with or without 30 mm AA treatment (=300 cells each). f, quantification of Pax7™*
and MyoD™* cells in sections of 30 mm AA-injected TA muscles 2, 3, and 5 days (d) after muscle damage. g, representative images of MyoD (red) and BrdU (green)
immunostaining 3 days post-injury showing the percentage of BrdU™ cells in the MyoD™ cell population (=300 cells each). h, double staining for Pax7 and
MyoD in expanded satellite cells from single fibers isolated from gastrocnemius muscle and cultured for 48 h. i, st panel shows the expression of Pax7 and
MyoD in TA muscles damaged for 3 days treated with different dosages of AA. The other two panels show the expression level of Pax7, MyoD, and embryonic
MHC (eMHC) protein levels in 30 mm AA-treated TA muscles 2, 3,and 5 days post-injury. GAPDH protein served as a loading control. Scale bar, 50 um. More than
five pairs of mice were used for each experiment. Data are presented as mean = S.E. (error bars; *, p < 0.05; **, p < 0.01; ***, p < 0.001).

change of food intake, O, consumption, and energy expendi-
ture (data not shown). Based on the assessment results, the mdx
mice were treated with AA for 2 months (starting at 12 weeks of
age), and the morphological, pathological, and functional
recovery of dystrophic muscles were examined. Although his-
tological examination of skeletal muscles from AA-treated mdx
mice demonstrated normal muscle architecture (Fig. 3a), we
observed significant increases in the size of the myofibers from
AA-treated mice (Fig. 3b). Next, we examined the uptake of
Evans blue dye as a measure of muscle damage and observed the
post-contraction integrity of the sarcolemma of EDL. The
amount of damaged fibers, as quantified by Evans blue-positive
area, was significantly lower in the AA-treated muscles com-
pared with untreated muscles (Fig. 3, ¢ and d). The improve-

2186 JOURNAL OF BIOLOGICAL CHEMISTRY

ment of muscle integrity in the AA-treated muscles of mdx
mice was further supported by the decreased serum concentra-
tion of muscle creatine kinase (Fig. 3e), a biomarker for the
severity of muscle damage, indicating that AA plays a signifi-
cant role in protecting dystrophic muscles from contraction-
induced injury. To further assess whether the improved integ-
rity of muscle by AA treatment could functionally enhance
muscle performance in mdx mice, we measured the strength of
the EDL muscle in mdx mice after intraperitoneal injection
with AA or PBS. AA significantly increased both peak tetanic
and twitch forces of the muscles in mdx mice (Fig. 3, fand g),
indicating the functional recovery of dystrophic muscle treated
with AA in the mdx mice. Consistent with the above observa-
tions, we also demonstrated that AA treatment notably
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FIGURE 3. AA treatment restores muscle function and morphology in mdx
mice. g, H&E staining of TA muscles from mdx mice treated with AA or PBS
control (Con) for 60 days. b, fiber cross-sectional fiber area (CSA) was calcu-
lated on the sectionsin a. C57BL/6 normal mice (B6) served as control. ¢, Evans
blue dye uptake in EDL muscles. d, quantification of the percentage of Evans
blue positive fiber area in AA-treated versus control mdx muscle. e, quantita-
tion of serum creatine kinase (CK) levels in B6 and mdx mice treated with AA or
PBS control. f, EDL muscles isolated from B6 and mdx mice treated with AA or
PBS control were electrically stimulated in vitro to elicit tetanic contractions. g,
peak twitch force was measured on EDL muscles isolated from B6 and mdx
mice treated with AA or PBS control. h, treadmill test. Scale bar, 50 um (a) and
100 wm (c). More than five mice were used for each group. Data are presented
as mean = S.E. (error bars; *, p < 0.05; **, p < 0.01).

improved exercise performance of mdx mice (Fig. 3h).
Together, these results reveal that AA treatment can partially
rescue the dystrophic muscles of mdx mice morphologically
and functionally, suggesting that AA could be a potential phar-
macological drug for treating human muscular dystrophies.
AA Acts in a Non-metabolic Capacity when Regulating Mus-
cle Cell Function—Because AA and 3HB are produced by the
liver and used peripherally as energy sources for various organs,
including skeletal muscle, we next asked whether AA promotes
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C2C12 cell proliferation in an energy-dependent manner.
Based on the biochemical reactions of ketolysis, we hypothe-
sized that if AA regulates muscle stem cell function by acting as
an energy source, it would need to be converted into the energy-
rich compounds, acetoacetyl-CoA or acetyl-CoA, in a reaction
catalyzed by the mitochondrial enzyme, succinyl-CoA:3-oxo-
acid CoA-transferase (SCOT; EC 2.8.3.5), the rate-limiting
enzyme of ketolysis. According to this scenario, the function of
AA should be reduced or eliminated in SCOT-deficient cells.
However, the AA-mediated promotion of cell proliferation was
retained in SCOT knocking down C2C12 cells (Fig. 4a). The
ability of AA to stimulate cell proliferation in a SCOT-indepen-
dent manner was further corroborated by showing that AA also
dose-dependently promoted proliferation of HepG2 hepatocel-
lular cells, which is known not to express SCOT protein (Fig.
4b) (65). Previous studies found that SCOT activity was inhib-
ited by AA at concentrations greater than 5 mm (66, 67). This
suggested that the enzymatic activity of SCOT should be inhib-
ited by 5 mm AA in C2C12 cells, and the proliferation-promot-
ing role of AA at these physiological levels should be indepen-
dent of SCOT activity. We tested this by assessing the catalytic
activity of SCOT in C2C12 cells treated with increasing doses of
AA (0, 1, 3, and 5 mm) for 12 h. As reported previously, SCOT
activity was increased by AA at concentrations 1 and 3 mum;
however, it was greatly reduced by 5 mm AA (Fig. 4c). Together,
these results clearly demonstrate that this function of AA
appears to be SCOT-independent. In the reaction catalyzed by
SCOT, succinate is generated as a product. Because of succi-
nate functions in various cellular processes, we tested whether
AA might act through this intermediate metabolite. However,
we found that succinate had no effect on C2C12 cell prolifera-
tion (Fig. 4d). We also assessed whether an AA-induced change
in mitochondrial biogenesis might stimulate C2C12 cells to
proliferate by analyzing the expression levels of the genes
encoding Cyto-c, 3-ATP synthase, and TFAM. As shown in Fig.
4e, expression of those genes is time-dependently increased in
control (PBS-treated)-proliferating C2C12 cells; this was con-
sistent with increased rates of mitochondrial biogenesis, as
recently reported by Garedew (68). However, AA treatment did
not significantly enhance the expression of Cyto-c, B-ATP syn-
thase, or TFAM as cell proliferation progressed (Fig. 4e). We
also used Western blotting in AA-treated proliferating C2C12
cells to assess mitochondrial biogenesis by measuring the levels
of the representative mitochondrial proteins, VDAC1 (voltage-
dependent anion channel 1) and Tim23 (translocase of inner
mitochondrial membrane 23 homolog), and the phosphoryla-
tion (activation) status of the key energy sensor AMPK. Con-
sistent with the above results, we found that AA did not
increase the levels of VDACI1, Tim23, or phosphorylated
AMPKa/B (data not shown). Furthermore, we did not find an
obvious effect of AA on mitochondrial morphology in the cells
treated with AA compared with PBS (data not shown). Consis-
tently, AA did not alter the mitochondrial metabolic state of the
AA-treated mice measured with a metabolic chamber (data not
shown). Together, these data indicate that mitochondrial bio-
genesis is not altered by AA stimulation during cell prolifera-
tion. Because proliferating cells are known to have a high rate of
glycolysis, we next examined the involvement of glycolysis in
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FIGURE 4. AA plays a non-metabolic role in ERK activation and muscle cell proliferation. g, cell proliferation was analyzed in Oxct1-knockdown C2C12 cells
treated with 5 mm AA or PBS for 24 h. The efficiency of Oxct1 knockdown was examined by Western blotting. b, proliferation of HepG2 cells treated with PBS
or AA (5 mm) was analyzed by FACS. ¢, SCOT catalytic activity was measured in the C2C12 cells treated with different dosages of AA (0, 1, 3, and 5 mm) for 24 h.
d, cell proliferation was analyzed in C2C12 cells treated with 5 mm AA or succinate for 24 h. e, normalized Cyto-c, B-ATP synthase, and TFAM mRNA levels in
C2C12 cells treated with 5 mm AA or 3HB for 6 or 24 h were determined by quantitative RT-PCR. f, normalized phosphofructokinase | (PFKT) and hexokinase Il
(HK2) mRNA levels in C2C12 cells treated with 5 mm AA or 3HB for 6 or 24 h were determined by quantitative RT-PCR. Lactate concentration in cell media was
measured using a commercial kit. Similar results were obtained in three separate experiments. Data are presented as means = S.E. (error bars; *, p < 0.05). NS,

not significant.

AA function by analyzing expression of the genes encoding two
key glycolytic enzymes essential for executing glycolysis,
hexokinase II (HKII) and phosphofructokinase I (PFKI), and by
measuring the released lactate in medium (all in C2C12 cells).
As shown in Fig. 4f, AA treatment had almost no effect on
expression of HKII and PFKI, or lactate level, indicating that
AA did not alter glycolytic activity in C2C12 cells. Interestingly,
although 3HB did not promote muscle cell proliferation (Fig.
1a), it increased both mitochondrial activity and glycolysis in
C2C12 cells (Fig. 4, e and f). Moreover, we also examined the
effect of AA on fatty acid metabolism by assessing expression of
genes (cptlb, cs, acc2, and fasn) required for fatty acid metabo-
lism. Consistently, expression of these genes did not differ in
the C2C12 cells in the presence or absence of AA (data not
shown). Thus, AA also had no influence on fatty acid metabo-
lism. Collectively, our findings convincingly demonstrate that
the specific role of AA in regulating muscle cell function is not
directly associated with energy production.

To provide more molecular insight into the AA signaling role
in regulating the muscle cell proliferation, we performed RNA-
Seq analyses to identify AA-regulated genes in proliferating
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C2C12 myoblasts in the present or absent of AA. Differentially
regulated genes and gene set enrichment analysis revealed that
altered expression of the AA-mediated genes in growth
medium was highly enriched in the signaling pathways associ-
ated with cell proliferation (data not shown); however, the
genes encoding enzymes in biochemical pathways of ketolysis
for energy production were not transcriptionally changed in the
cells cultured in growth medium in response to AA (data not
shown). This indicates that AA-mediated myogenic cells func-
tion by transcriptional regulation of the genes required for cell
proliferation. Taken together, the data from our multiparam-
eter analyses consistently support the notion that AA plays a
non-metabolic role in regulating muscle cell function.
Signaling Function of AA in Promoting Muscle Cell Prolifera-
tion by Increasing Expression of Cyclin DI through MEK-
ERK1/2 Activation—The energy-independent function of AA
in promoting cell proliferation was further substantiated by
exploring the molecular mechanism underlying its action.
Because AA was found to promote cell cycle progression from
the G;- to S-phase, we assessed the protein expression levels of
various G regulators in AA-treated C2C12 myoblasts. AA sig-
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FIGURE 5. MEK-ERK1/2 activation is required for AA-induced C2C12 cell proliferation through up-regulation of cyclin D1 expression. a, C2C12 cells
were treated with 5 mm AA for 24 h. Cell lysates were used for Western blot detection of cyclin D1, cyclin E, Cdk2, and Cdk4. B-Actin served as a loading control.
PBS treatment served as control (Con). b, proteins in total lysates of C2C12 cells treated with different concentrations of AA (0.1,0.5, 1,and 5 mm) and IGF1 (100
ng/ml) for 24 h were resolved by SDS-PAGE and analyzed by Western blotting for cyclin D1, Cdk2, and B-actin. ¢, efficiency of cyclin D1 knockdown in C2C12
cells was examined by Western blotting. d, cell proliferation was analyzed in cyclin D1-knockdown C2C12 cells treated with 5 mm AA or PBS for 24 h. e,
expression levels of phospho (p)-MEK, total (t)-MEK, p-ERK, t-ERK, and B-actin proteins in C2C12 cells treated with 5 mm AA for different times (0.5, 1, 3, 6, and
12 h) were analyzed by Western blotting. f, C2C12 cells were pre-treated with the MEK inhibitor PD98059 (20 um) for 1 h prior to AA (5 mm) treatment. The levels
of cyclin D1, p-ERK, t-ERK, and B-actin were determined by Western blotting. g, proliferation of C2C12 cells treated with AA (5 mm) with or without PD98059 (20
M) was analyzed by FACS. h, cyclin D1 expression was detected in the ERK1/2-knockdown C2C12 cells treated with 5 mm AA or PBS for 12 h. , cell proliferation
was analyzed in ERK1/2-knockdown C2C12 cells treated with 5 mm AA or PBS for 24 h. j, representative sections of AA-treated TA muscles, with and without
PD98059 (20 um) treatment, 2 days after injury immunostained for MyoD (green), and nuclei (DAPI; blue). Right panel shows merged image with DAPI. k,
quantification of MyoD™ cells in sections described in . |, expression of Pax7, cyclin D1, p-ERK, and t-ERK in damaged TA muscles treated with AA in the presence
or absence of PD98059 was analyzed by Western blotting. Scale bar, 50 um. Similar results were obtained in three separate experiments. Data are presented as
means = S.E. (error bars; *, p < 0.05). NS, not significant.

nificantly increased the steady-state levels of cyclin D1 protein  attenuated in cyclin D1 knockdown cells compared with con-

(Fig. 5a) in a concentration-dependent manner (Fig. 50). AA
also stimulated cyclin D1 expression at the mRNA level, as
demonstrated by quantitative real time RT-PCR analyses and
assessment of cyclin D1 promoter-driven luciferase reporter
activity (data not shown). To directly test whether cyclin D1
up-regulation was a determining factor in AA-induced cell pro-
liferation, we knocked down cyclin D1 in proliferating C2C12
cells using small interfering RNA (siRNA) (Fig. 5¢). The AA-in-
duced promotion of myoblast cell proliferation was greatly
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trol cells (Fig. 5d), demonstrating that cyclin D1 is required for
AA-mediated enhancement of cell proliferation.

The finding that this function of AA is SCOT-independent
and cyclin D1-dependent prompted us to speculate that AA
may act as a signaling molecule rather than an energy source in
promoting cell proliferation. To test this hypothesis, we sought
to determine which signaling pathways were involved in the
AA-mediated promotion of cell proliferation through cyclin
D1. We examined the p38, PI3K-Akt, and Ras-Raf-MEK1-
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ERK1/2 signaling pathways in AA-treated cells, all of which
have the potential to affect myoblast proliferation. Our results
revealed that AA did not change the total levels or phosphory-
lation status of p38 or Akt proteins (data not shown). However,
AA treatment induced a rapid (within 30 min) and sustained
(up to 12 h) activation of ERK1/2 in proliferating C2C12 cells
(Fig. 5e). As expected, this AA-induced ERK1/2 activation was
associated with a comparable increase in the phosphorylation
of MEK1 (Fig. 5e), the upstream kinase in this pathway. To
further verify the involvement of ERK1/2 in this function of AA,
we tested the effects of AA on C2C12 cell proliferation in the
presence and absence of the MEK1 inhibitor, PD98059. Inhibi-
tion of ERK1/2 kinase activity by PD98059 considerably
blocked the AA-induced up-regulation of cyclin D1 (Fig. 5f) and
significantly attenuated AA-induced cell proliferation (Fig. 5g).
Requirement of ERK1/2 activation for AA function was further
supported by showing that AA-induced up-regulation of
cyclinD1 (Fig. 5k) and cell proliferation (Fig. 5i) were also
remarkably attenuated in the ERK1/2 knockdown C2C12 cells.
Taken together, our results reveal that AA stimulates myoblast
proliferation by up-regulating cyclin D1 expression through
activation of the MEK1-ERK1/2 signaling cascade.

To investigate whether the AA-induced stimulation of mus-
cle regeneration in vivo was also mediated through MEK1-
ERK1/2 activation, we injected CTX-injured TA muscles with
AA in the presence or absence of PD98059, immunostained the
TA muscles with antibodies against MyoD (Fig. 5), and quan-
tified the number of the MyoD " cells (Fig. 5k). AA treatment
significantly increased the number of MyoD™ cells relative to
PBS treatment (Fig. 5k). Consistent with the in vitro results (Fig.
5f), PD98059-induced inhibition of ERK1/2 significantly atten-
uated AA-induced satellite cell activation and proliferation, as
evidenced by marked reductions in the numbers of MyoD™"
cells (Fig. 5k). These observations were further corroborated by
significant increases in the levels of Pax7, cyclin D1, and phos-
pho-ERK1/2 proteins in damaged muscle treated with AA and
the notable reductions in these levels following co-treatment
with PD98059 (Fig. 5/). In summary, our in vitro and in vivo
results clearly demonstrate that MEKI1-ERK1/2 activity is
required for the ability of AA to promote muscle cell prolifera-
tion and accelerate muscle regeneration in mice.

Ras Is Dispensable for the AA-mediated Promotion of Muscle
Cell Proliferation via Activation of MEKI-ERK1/2—Because
Ras plays an important role as the upstream kinase for MEK1-
ERK1/2 activation, we next determined whether AA-stimu-
lated MEK-ERK1/2 activation depended on Ras/Raf. Intrigu-
ingly, our data showed that the levels of total Ras, total Raf, and
phosphorylated Raf were not changed in response to AA (Fig. 6,
a and b), suggesting that MEK1-ERK1/2 may not be activated
by Ras/Raf-mediated signaling in this context. As described in
our previous study (69), we functionally blocked Ras activity by
expressing the dominant-negative Ras mutant, Rasl7N, in
C2C12 cells, and we tested whether Ras was required for
AA-induced MEK-ERK1/2 activation. Western blot analyses
showed that ERK1/2 was still concentration-dependently acti-
vated by AA in Ras17N C2C12 cells (Fig. 6, c and d). Consistent
with these effects, blockade of the Ras/Raf signaling pathway
using pharmacological inhibitors of Ras (FTA) or Raf
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(GW5074) did not prevent the AA-induced activations of
MEK1 and ERK1/2 (Fig. 6e). Moreover, cell proliferation assays
showed that AA was still able to concentration-dependently
promote cell proliferation in Ras17N C2C12 cells or C2C12
cells treated with FTA or GW5074 (Fig. 6, f and g), further
confirming that Ras is dispensable for these actions of AA. Col-
lectively, these findings demonstrate that Ras, the main
upstream intracellular regulator of MEK1/ERK1/2, is dispens-
able for AA-stimulated MEK1-ERK1/2 activation and C2C12
cell proliferation.

Discussion

Intermediate metabolites acting as signaling molecules to
regulate cellular processes is a newly emerging theme, and
researchers are just beginning to reveal how these metabolites
communicate with the cell cycle machinery to influence cell
growth and fate decision (14, 15, 70). Here, we report a novel
function of the small intrinsic metabolite AA in promoting
muscle cell proliferation in vitro, improving muscle regenera-
tion in vivo, and ameliorating muscular dystrophy in mdx mice.
Most importantly, our study revealed that AA promotes the
activation and proliferation of skeletal muscle cells through the
MEK-ERK1/2-cyclin D1 signaling pathway, as shown schemat-
ically in Fig. 6A. Lithium ions dissociated from acetoacetate
lithium are biologically active and inhibit the function of GSK-
3a/B and other key kinases (COX, Arrestin-2, CaMK1, PHK,
CHK?2, NEK6, and IKKYy), which play important roles in regu-
lating cell proliferation (71, 72). Therefore, we treated C2C12
cells with acetoacetate sodium to rule out the possibility that
cell proliferation promoted by acetoacetate lithium was due to
the activity of lithium effect rather than acetoacetate itself.
Consistent with the results from acetoacetate lithium treat-
ment, acetoacetate sodium exerted a similar biological effect on
cell proliferation as acetoacetate lithium through activating the
MEK/ERK/cyclinD1 signaling pathway (data not shown). We
thus conclude the demonstration of an unanticipated function
of AA that is distinct from its function as a fuel, and we provide
a potential mechanism by which this action of AA couples
metabolism with muscle development and regeneration.

AA and 3HB are both prominent ketone bodies that serve as
energy-rich compounds to transport energy from the liver to
other tissues, particularly the brain and skeletal muscle (41, 73).
However, AA differs from 3HB in that it also has unique func-
tions in various biological processes, such as insulin release in
vitro, generation of free oxygen radicals, lipid peroxidation, and
activation of the ERK1/2 and p38 MAPK signaling pathways
(45,46, 49). In this report, we demonstrate for the first time that
AA-mediated promotion of muscle cell proliferation is not a
generalized ketone body effect but instead is specific to AA. We
hypothesized that these distinctive actions of AA might reflect
aregulatory role as a previously unrecognized signaling metab-
olite, rather than its traditionally recognized role as a fuel. The
biochemical pathways of ketolysis have been well defined in
mitochondria of ketolytic organs, such as the brain and skeletal
muscle tissues, where 3HB is oxidized to AA in a reaction cat-
alyzed by 3HB dehydrogenase. AA, in turn, receives a CoA moi-
ety from succinyl-CoA to generate acetoacetyl-CoA in a reac-
tion catalyzed by SCOT. Finally, acetoacetyl-CoA is converted
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FIGURE 6. AA activates the MEK-ERK1/2 pathway and promotes C2C12 cell proliferation independent of Ras/Raf. g, levels of Ras, t-Raf (c-Raf), and p-Raf
(p-c-Raf) proteins in C2C12 cells in response to AA (5 mwm) treatment were assessed by Western blotting at the indicated times. b, normalized level of Ras and
p-Raf. Ras protein was normalized to 3-actin, and p-Raf was normalized to total Raf. ¢, protein levels of Ras, t-Raf/p-Raf, t-MEK/p-MEK, and t-ERK1/2/p-ERK1/2
were determined by Western blot analysis in normal C2C12 and DN-Ras C2C12 cells treated with AA (5 mm) or PBS for 12 h. d, quantified levels of p-MEK and
p-ERK relative to t-MEK and t-ERK, respectively, based on blots in c. e, protein levels of Ras, p-Raf, t-Raf, p-MEK, t-MEK, p-ERK, t-ERK, and B-actin in C2C12 cells
treated with AA (5 mm) for 12 h in the presence or absence of the inhibitors FTA or GW5074 (GW) were determined by Western blotting. f, cell proliferation was
analyzed in C2C12 cells or DN-Ras expressing C2C12 cells treated with 5 mm AA. g, cell proliferation was analyzed in C2C12 cells treated with AA (5 mm) in the
presence or absence of FTA or GW5074. h, schematic model of AA function. Similar results were obtained in three separate experiments. Data are presented as

means = S.E. (error bars; *, p < 0.05; ***, p < 0.001).

to acetyl-CoA in a reaction catalyzed by mitochondrial aceto-
acetyl-CoA thiolase, and the acetyl-CoA is terminally oxidized
within the tricarboxylic acid cycle for the production of energy
that is used to fulfill energy demands for cell growth and divi-
sion. Accordingly, if AA functioned as a fuel in the examined
process, acetoacetyl-CoA and acetyl-CoA would be predicted
to have functions similar to that of AA in terms of ERK1/2
activation and cell proliferation and differentiation. Moreover,
SCOT should be essential for AA action. Intriguingly, our
experiments revealed that SCOT was not required for this func-
tion of AA (Fig. 4a), and mitochondrial biogenesis was unal-
tered in AA-treated cells (Fig. 4e). In addition, gene set enrich-
ment analysis identified the gene sets involved in muscle cell
proliferation as the most significant sets in the cells in response
to AA, and in particular, the expression of genes encoding
ketolysis enzymes required for energy generation was not sig-
nificantly altered by AA treatment, indicating a signaling role of
AA in regulating expression of genes involved in myogenic cell
function. Collectively, these findings support the notion that
AA is capable of functioning as a signaling molecule in regulat-
ing muscle cell function. Interestingly, recent reports have
demonstrated that abnormally accumulated fumarate plays a
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novel role in the irregular modification of cellular proteins (suc-
cination of KEAP1) and Nrf2 (NFE2-related factor 2) signaling
in fumarate hydratase-deficient cells and that these functions
are independent of its ability to inhibit a-ketoglutarate-depen-
dent dioxygenases (17, 73-75). Thus, our findings and the
results of prior studies collectively indicate that AA could reg-
ulate cellular activity independent of its energetic role.

A functional role of AA as a signaling molecule has been well
documented in a bacterial two-component system. The expres-
sion of the atoDAEB operon (whose gene products participate
in the catabolism of SCFAs) is highly induced by AA but not by
other saturated SCFAs, such as butyrate and valerate (55, 56),
indicating that the regulatory role of AA as a signaling metab-
olite is specific in this bacterial signal-transduction system. Fol-
lowing this line of evidence and considering our finding that AA
regulates muscle cell function, it is plausible to hypothesize that
the functional role of AA as a signaling metabolite in commu-
nicating between metabolism and cellular activity may be evo-
lutionally conserved from bacteria to mammals. This should be
of particular interest for studies on when and how the signaling
functions of intermediate metabolites evolved in mammals, and
how this mechanism acts in concert with their fuel functions to
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mediate coordinated communication between cellular metab-
olism and cell growth or division.

In this study, we made the intriguing discovery that Ras/Raf
was dispensable for the AA-stimulated activation of the MEK-
ERK1/2 MAPK pathway in promoting C2C12 cell proliferation.
AA is a small and diffusible molecule (a 4-carbon organic acid)
that can freely cross the cell membrane. Given this, it is possible
that AA could function as a specific diffusible signaling mole-
cule and intracellularly activate MEK-ERK1/2. We examined
this possibility by treating C2C12 cells with various blockers of
endocytosis. Interestingly, we found that these inhibitors did
not block AA-mediated ERK1/2 activation or cell proliferation
(data not shown). Consistent with this finding, we also observed
that this function of AA was not inhibited by suramin (data not
shown), which is a broad spectrum antagonist of the purinergic
P2X and P2Y receptors (and other G-protein-coupled recep-
tors), which can bind and inhibit several growth factors, includ-
ing IGF, fibroblast growth factor, epidermal growth factor, and
platelet-derived growth factor. Together, these results suggest
that AA most likely crosses the cell membrane through simple
diffusion and then intracellularly activates MEK-ERK1/2. Sup-
port for this general hypothesis is provided by a report that the
metabolite fumarylacetoacetate, a precursor of AA, activates
ERK1/2 in a growth factor receptor-independent manner in
human HeLa and Chinese hamster V79 cells (76). Fumarylace-
toacetate is converted into fumarate and AA by the enzyme,
fumarylacetoacetate hydrolase (EC 3.7.1.2) (76). AA and
fumarylacetoacetate are structurally similar, suggesting that
they may share a common mechanism for activating ERK1/2 as
signaling molecules. A previous study showed that AA can acti-
vate the ERK1/2 signaling pathway in primary cultured rat
hepatocytes through reactive oxygen species and oxidative
stress (45). Our data confirmed that AA plays a role in MEK-
ERK1/2 activation in myogenic C2C12 cells, although we found
that reactive oxygen species was not required for this activation
(data not shown). Thus, although our data indicate that AA
activates MEK-ERK1/2 in a Ras-independent manner, future
studies are needed to determine the precise molecular mecha-
nism through which AA stimulates MEK-ERK1/2 activation in
promoting muscle cell proliferation.

The functional role of AA as a signaling molecule is also
indirectly supported by the experimental data from metabolites
of leucine and HMB, one of derivatives from leucine. Although
AA generally has been attributed from fatty acid by the liver,
ketone bodies derived from leucine may also contribute to
physiological hyperketonemia after short-term fasting (77,
78). The production of ketone bodies from leucine in mus-
cles was evidenced by the studies that leucine and its 2-oxo
analogue, 4-methyl-2-oxopentanoate, increased the release
of acetoacetate and 3-hydroxybutyrate from hemidi-
aphragms isolated from 40-h starved rats (79). It has been
reported that both leucine and HMB significantly promoted
muscle cell proliferation and differentiation through the
MEK/ERK signaling pathway (80-82), and it is conceivable
that AA might act as a signaling metabolite participating in
leucine- and HMB-mediated functions in promoting muscle
cell proliferation and differentiation.
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Recently, a large scale yeast study designed to identify in vivo
interactions between proteins and small intrinsic metabolites
(83) revealed that many proteins bind to small metabolites in
interactions that had not been previously recognized. In partic-
ular, the authors found that ergosterol bound to many proteins
and that its binding specifically enhanced the protein kinase
activity of Ypkl and altered the protein levels of Ssk22; they
thus postulated that the functions of some proteins could be
modulated by interactions with metabolites that are not their
substrates or products (83). Therefore, it is conceivable that
small intrinsic metabolites may play a more general role than
previously appreciated, globally regulating cellular activities by
directly interacting with proteins for controlling their activity
and function (84). Early investigations of AA utilization in ani-
mals using '*C-labeled AA indicated that most of the AA was
recovered as respiratory **CO,; however, a small amount of AA
was incorporated into proteins (85, 86). Intriguingly, while our
manuscript was being submitted, T. Nakagawa et al. (87)
reported their recent work in which they have provided exper-
imental evidence to show that ketone bodies (3HB and AA)
could serve as low glucose signaling by regulating nucleo-cyto-
solic trafficking of ChREBP through promoting interaction of
ChREBP/14-3-3 and inhibiting ChREBP/importin interaction.
This is the first demonstration that ketone bodies could physi-
cally interact with cellular proteins. Most importantly, it pro-
vides direct evidence to support our hypothesis that AA, as a
signaling metabolite, regulates cellular activity through interac-
tions with or modifications of cellular proteins. Therefore,
future studies should seek to identify AA-modified or -bound
proteins, as this will provide important new insights into the
actions of AA as a signaling molecule.

Our discovery that AA functions in accelerating muscle
regeneration and improving muscular dystrophy in mdx mice
may have significant clinical implications, providing a rationale
for the potential use of AA to treat muscular dystrophy and
other diseases associated with muscle wasting in humans. Per-
haps more importantly, our findings suggest that small intrinsic
metabolites can play general roles during development, hinting
that they may have therapeutic potential for treating other
human diseases. The future identification of additional intrin-
sic metabolites involved in various biological processes should
help us decipher how these metabolites mediate the regulatory
interplay between metabolism and the cellular events associ-
ated with development and diseases.
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