
Defective fatty acid oxidation in mice with muscle-specific
acyl-CoA synthetase 1 deficiency increases amino acid use
and impairs muscle function
Received for publication, November 20, 2018, and in revised form, March 21, 2019 Published, Papers in Press, April 11, 2019, DOI 10.1074/jbc.RA118.006790

Liyang Zhao‡, Florencia Pascual‡, Lawrence Bacudio‡, Amanda L. Suchanek‡, Pamela A. Young‡, Lei O. Li‡,
Sarah A. Martin§, Joao-Paulo Camporez¶, Rachel J. Perry¶�, X Gerald I. Shulman¶�, Eric L. Klett**,
and X Rosalind A. Coleman‡1

From the Departments of ‡Nutrition and **Medicine, University of North Carolina, Chapel Hill, North Carolina 27599, the
§Department of Molecular Genetics and Internal Medicine, University of Texas Southwestern Medical Center, Dallas, Texas 75390,
and the Departments of ¶Internal Medicine and �Cellular and Molecular Physiology, Yale University School of Medicine,
New Haven, Connecticut 06520

Edited by George M. Carman

Loss of long-chain acyl-CoA synthetase isoform-1 (ACSL1) in
mouse skeletal muscle (Acsl1M�/�) severely reduces acyl-CoA syn-
thetase activity and fatty acid oxidation. However, the effects of
decreased fatty acid oxidation on skeletal muscle function, histol-
ogy, use of alternative fuels, and mitochondrial function and mor-
phology are unclear. We observed that Acsl1M�/� mice have
impaired voluntary running capacity and muscle grip strength and
that their gastrocnemius muscle contains myocytes with central
nuclei, indicating muscle regeneration. We also found that plasma
creatine kinase and aspartate aminotransferase levels in Acsl1M�/�

mice are 3.4- and 1.5-fold greater, respectively, than in control mice
(Acsl1flox/flox), indicating muscle damage, even without exercise, in
the Acsl1M�/� mice. Moreover, caspase-3 protein expression
exclusively in Acsl1M�/� skeletal muscle and the presence of
cleaved caspase-3 suggested myocyte apoptosis. Mitochondria in
Acsl1M�/� skeletal muscle were swollen with abnormal cristae, and
mitochondrial biogenesis was increased. Glucose uptake did not
increase in Acsl1M�/� skeletal muscle, and pyruvate oxidation was
similar in gastrocnemius homogenates from Acsl1M�/� and con-
trol mice. The rate of protein synthesis in Acsl1M�/� glycolytic
muscle was 2.1-fold greater 30 min after exercise than in the con-
trols, suggesting resynthesis of proteins catabolized for fuel during
the exercise. At this time, mTOR complex 1 was activated, and
autophagy was blocked. These results suggest that fatty acid oxida-
tion is critical for normal skeletal muscle homeostasis during both
rest and exercise. We conclude that ACSL1 deficiency produces an
overall defect in muscle fuel metabolism that increases protein
catabolism, resulting in exercise intolerance, muscle weakness, and
myocyte apoptosis.

The ability to switch between fatty acid oxidation (FAO)2 and
glycolysis is a well-studied feature of muscle metabolism (1),
but it is not known whether FAO is absolutely essential for
muscle homeostasis. Skeletal muscle exhibits plasticity and
complexity in its choice of fuel substrate. Glycolytic fibers, such
as white gastrocnemius, contain fewer mitochondria and rely
more on glycolysis to generate ATP than do oxidative fibers,
such as red gastrocnemius and soleus, which prefer oxidative
phosphorylation (2). During starvation, fatty acids are the
major fuel source, and released gluconeogenic amino acids are
taken up by the liver and used for gluconeogenesis. Fatty acids
are preferentially used during both rest and prolonged exercise,
but during acute, intense exercise, muscle switches to glycogen
and plasma glucose as its primary fuel (3, 4). The inability of
skeletal muscle to use fatty acids for energy results in fatigue,
exercise intolerance, and muscle weakness (5–10). These symp-
toms are present in genetic deficiencies of medium chain acyl-
CoA dehydrogenase (ACADM), very long chain acyl-CoA de-
hydrogenase (ACADVL), and carnitine palmitoyltransferase 2
(CPT2), but the mechanisms by which reduced FAO causes
muscle injury are poorly understood. Defects in FAO might
restrict fuel availability, alter membrane phospholipid compo-
sition, or increase the presence of toxic metabolites. Indeed,
lipid metabolism plays multifaceted roles in maintaining nor-
mal muscle physiology and function (11).

For long-chain fatty acids to be oxidized, they must first be
activated to form acyl-CoAs by a member of the family of long-
chain acyl-CoA synthetases (ACSL) (12). In highly oxidative
tissues, such as heart, brown adipose, and skeletal muscle, acyl-
CoAs destined for FAO are synthesized by ACSL1 (13–16).
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Deficiency of ACSL1 in the heart, for example, results in a 95%
reduction in FAO and an 8-fold increase in glucose uptake, and
the activation of mTORC1 contributes to cardiac hypertrophy
(15, 17). Similarly, FAO is 90% lower in mice lacking ACSL1 in
skeletal muscle (Acsl1M�/�) than in littermate controls, but
severe hypoglycemia also occurs and prevents Acsl1M�/� mice
from sustaining exercise (16). Additionally, Acsl1M�/� defi-
ciency causes muscle damage, as evidenced by myocytes with
central nuclei and by elevated plasma creatine kinase (16). We
hypothesized that defective FAO in Acsl1M�/� skeletal muscle
would increase the use of glucose and amino acids for energy
during both rest and exercise. However, our data reveal that
unlike Acsl1 deficiency in the heart, deletion of skeletal muscle
Acsl1 did not increase glucose uptake, but instead, produced a
drain on muscle amino acids both during the exercise itself and
after exercise when protein synthesis was enhanced. In addi-
tion, the inability to use fatty acids as a fuel substrate also
increased mitochondrial biogenesis, disordered mitochondrial
morphology, and increased myofiber regeneration. Surpris-
ingly, muscle damage was more pronounced in glycolytic than
in oxidative fibers.

Results

Fatty acid use was reduced in skeletal muscle from Acsl1M�/�

mice

ACSL1 protein was absent in gastrocnemius but present in
heart and gonadal white adipose tissue (GWAT), confirming
the specificity of the skeletal muscle knockout (Fig. 1A). Com-
pared with controls, Acsl3 mRNA was 3.4-fold greater in

Acsl1M�/� soleus (Fig. 1B). We previously reported greater
Acsl3 mRNA (1.5-fold) in Acsl1M�/� gastrocnemius than in
controls (16), as well as up-regulation of Acsl3 in ACSL1-defi-
cient heart (16, 18). However, despite the increase in Acsl3
mRNA, total acyl-CoA synthetase (ACS) activity was almost
90% less in both glycolytic (white gastrocnemius) and oxidative
muscles (red gastrocnemius and soleus) from Acsl1M�/� mice,
indicating minimal compensation of enzyme activity by ACSL3
(Fig. 1C). Similarly, loss of ACSL1 reduced the rate of FAO by
90, 77, and 72% in red and white gastrocnemius and soleus,
respectively. The reduction in FAO was more pronounced in
gastrocnemius, a mixed muscle, than in soleus, which contains
primarily oxidative fibers (Fig. 1, D and E).

Despite reduced FAO, muscle use of glucose did not increase

ORO and SDH staining showed that in Acsl1M�/� mice, lipid
droplets were more prominent in soleus than in gastrocnemius
(Fig. 1E). Consistent with the histology, triacylglycerol (TAG)
content increased 2.5-fold in soleus (Fig. 2A). Because FAO is
72–90% lower in Acsl1M�/� skeletal muscle than in controls,
we hypothesized that glucose use would increase to compen-
sate for the deficiency in FAO, as occurs in hearts lacking
ACSL1 (15). Supporting this hypothesis, although glycogen
content was unchanged in glycolytic white gastrocnemius
under fed conditions, the glycogen content of both red gastro-
cnemius and soleus in Acsl1M�/� mice was �50% lower than
controls (Fig. 2B), suggesting enhanced glycogen use in
Acsl1M�/� oxidative muscle. Because reduced glycogen con-
tent can result from either increased glucose use or reduced

Figure 1. Lack of ACSL1 reduced muscle ACSL activity and FAO. A, homogenates of gastrocnemius, heart, and gonadal white adipose tissue (GWAT) were
subjected to Western blotting and probed with anti-ACSL1 and anti-GAPDH antibodies. B, mRNA expression of Acsl isoforms in soleus. Data were normalized
to 18S mRNA, n � 3 per genotype. C, ACS-specific activity of total membrane preparations from white gastrocnemius (WGastroc), red gastrocnemius (RGastroc),
and soleus, n � 4 per genotype. D, [1-14C]palmitate oxidation in homogenates from white gastrocnemius, red gastrocnemius, and soleus. C, control. KO,
Acsl1M�/�, n � 3– 4 per genotype. E, muscles were snap-frozen in liquid nitrogen– cooled isopentane, and adjacent sections were stained with ORO or SDH.
Shown are representative 100-�m images of ORO- and SDH-stained sections from gastrocnemius and soleus. Data are presented as means � S.D. (error bars).
**, p � 0.01; *, p � 0.05.
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glycogen synthesis, we measured the uptake of 2-[1-14C]deoxy-
glucose during shivering thermogenesis, which promotes mus-
cle glucose uptake (19). Mice were kept at 4 °C for 2 h, and
glucose uptake was measured while mice were shivering. Sur-
prisingly, despite muscle activity, skeletal muscle glucose
uptake was similar in control and Acsl1M�/� gastrocnemius
(Fig. 2C). Consistent with the lack of enhanced glucose uptake,
[2-14C]pyruvate oxidation did not differ between genotypes
(Fig. 2D). Similarly, mRNA expression of pyruvate dehydroge-
nase subunit I (Pdha1) and citrate synthase (Cs) did not change
(Fig. S1). A hyperinsulinemic-hyperglycemic clamp with glu-
cose clamped at �225 mg/dl (Fig. 2, E–G) showed lower whole-
body glucose uptake and a slightly lower glucose infusion rate in
Acsl1M�/� mice than in controls (Fig. 2, H–J). These data indi-
cate that even when surplus glucose and insulin were provided,
glucose uptake was mildly reduced in Acsl1M�/� mice. Taken
as a whole, these data indicate that, in marked contrast to
ACSL1-deficient heart, which also had a 90% decrease in FAO
and manifested an �8-fold increase in insulin-stimulated glu-
cose uptake, the inability to activate long-chain fatty acids for
oxidation in skeletal muscle did not increase glucose use in
ACSL1-deficient muscle.

Loss of ACSL impaired voluntary running capacity and muscle
grip strength

During both low-intensity and prolonged exercise, skeletal
muscle primarily oxidizes fatty acid to generate ATP (20). We

previously reported that endurance exercise capacity is
impaired in Acsl1M�/� mice because of severe hypoglycemia
(16). To determine whether the reduction in FAO would alter
voluntary running capacity, Acsl1M�/� mice were allowed
access to running wheels for 2 weeks. Compared with controls,
Acsl1M�/� mice ran 21% less in total distance (Fig. 3A), and
their average and maximal running speeds were slower during
the dark cycle, when mice are the most active (Fig. 3, B and C).
Moreover, the lack of ACSL1 also resulted in longer break times
(times during the dark cycle in which the mice did not run) on
days 2 and 3 (Fig. 3D), although no genotype difference was
observed when total nonrunning times were calculated for the
2-week period (Fig. 3E). No differences between genotypes
were detected in average speed, maximal speed, or break inter-
vals during the light period (Fig. S2, A–C). In addition to the
impairments in exercise capacity, the wire hang grip test indi-
cated that Acsl1M�/� mice had severely diminished overall
muscle strength (Fig. 3F).

Characterization of Acsl1M�/� myopathy

In muscle, carnitine palmitoyltransferase (CPT)-1b directs
the entry of long chain acyl-CoAs from cytosol into the mito-
chondrial matrix to initiate �-oxidation. Mice lacking muscle
CPT1b (Cpt1bM�/�) develop myodegeneration, impaired
endurance during treadmill exercise, and gait disturbances at 1
year of age (21). Muscle-specific CPT1b deficiency inhibits
mitochondrial FAO, promotes mitochondrial biogenesis, and

Figure 2. Lack of ACSL1 decreased muscle glycogen content, but glucose use was unchanged. A, TAG content of white gastrocnemius (WGastroc), red
gastrocnemius (RGastroc), and soleus, n � 3– 4 per genotype. B, glycogen content of white gastrocnemius, red gastrocnemius, and soleus in unfasted mice at
10 a.m. to 11 a.m., n � 7–9 per genotype. C, 2-[1-14C]deoxyglucose uptake in gastrocnemius in mice deprived of food for 3 h and then exposed to 4 °C for 2 h,
n � 3 per genotype. D, [2-14C]pyruvate oxidation in white and red gastrocnemius homogenates, n � 4 –5 per genotype. E–J, hyperinsulinemic-hyperglycemic
clamp study, n � 8 –9 per genotype; E, glucose was clamped at 225 mg/dl; F, glucose concentrations at 0 and 140 min (clamped). G, insulin concentration at 0
and 140 min (clamped); H, whole-body glucose uptake. I, glucose infusion rate. J, area under curve for glucose infusion rate. Data are presented as means � S.D.
(error bars). **, p � 0.01; *, p � 0.05.
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induces compensatory peroxisomal FAO and amino acid oxi-
dation (21). Because skeletal muscle ACSL1 is required to syn-
thesize the acyl-CoAs used by CPT1b (22), we asked whether
loss of ACSL1 would also result in muscle damage. Compared
with control mice, biomarkers of skeletal muscle damage,
serum creatine kinase and aspartate transaminase levels, were
3.5- and 1.5-fold greater, respectively (Fig. 4, A and B). Unlike
cardiac muscle, damaged skeletal muscle can regenerate, and
regeneration is manifested by the presence of central nuclei
(23). Although Acsl1M�/� skeletal muscle showed no signs of
necrosis (Fig. S3), in unexercised mice, 8.3% of Acsl1M�/� gas-
trocnemius cells contained central nuclei, compared with only
0.8% of cells in control gastrocnemius (Fig. 4, C and E). After
voluntary exercise on running wheels for 2 weeks (24), the number
of central nuclei in the gastrocnemius increased by 1.8-fold in
Acsl1M�/� mice but did not change in littermate controls. These
changes were not observed in Acsl1M�/� soleus, which had com-
paratively few central nuclei at rest or after exercise. Thus, the
Acsl1 deletion had a greater impact on glycolytic than oxidative
fibers (Fig. 4, D and F). Immunohistochemical staining of the mito-
sis marker phosphohistone H3 supports the interpretation that
the central nuclei were caused by regeneration (Fig. 4G), and com-
pared with controls, the expression of the muscle regeneration
markers Myog and Myod, respectively, in Acsl1M�/� muscle was
2.2- and 1.7-fold greater in white gastrocnemius, 61 and 28% lower
in red gastrocnemius, and unchanged in soleus (Fig. 4H). These
changes suggest that regeneration occurred almost exclusively in
glycolytic skeletal muscle. Taken together, the results support the
conclusion that ACSL1-directed FAO is required to maintain nor-
mal homeostasis in glycolytic muscle, particularly during exercise.

ACSL1 skeletal muscle deficiency induces apoptosis

Central nuclei occur when stem cells repair damaged muscle
fibers (25). Muscle histology revealed no evidence of necrosis,
and whereas cleavage of the apoptosis marker caspase-3 is gen-
erally accepted as a clear indication of apoptosis activation,
increased expression of caspase-3 strongly correlates with the
presence of apoptotic myonuclei in patients with Duchenne

muscular dystrophy (26). Because caspase-3 protein is not
observed in skeletal muscle from control mice, its appearance
strongly suggested that Acsl1M�/� gastrocnemius cells were
undergoing apoptosis (Fig. 5A) (27, 28). Although Western
blotting analyses did not detect cleaved caspase-3 in gastrocne-
mius homogenates, positive cleaved caspase-3 was observed by
immunohistochemical staining (Fig. 5B). In addition, the
macrophage surface marker F4/80 was present in Acsl1M�/�

gastrocnemius (Fig. 5C) in the absence of expression of the
inflammatory markers, IL-1, IL-6, and tumor necrosis factor �
(Fig. S4, A and B), consistent with the interpretation that
macrophages were phagocytosing apoptotic myocytes.

Deletion of skeletal muscle Acsl1 induced mitochondrial
biogenesis and oxidative fiber switching

In contrast to cardiac ACSL1, which prefers linoleate (18:2)
as a substrate (17), skeletal muscle ACSL1 showed no distinct
preference for linoleate, and the specific activity of acyl-CoA
synthetase was least with oleate (18:1) (Fig. 6A). Similar to
heart, ACS-specific activity and ACSL1 protein expression
were enriched in mitochondrial membranes compared with
homogenate (Fig. 6, B and C). Although additional fraction-
ation studies showed some ACSL1 protein in ER, the presence
of VDAC in the ER fraction indicated considerable mitochon-
drial contamination (data not shown). To assess the effect of
ACSL1 loss on skeletal muscle mitochondria, we quantified the
ratio of DNA copy number for NADH dehydrogenase 1 (Nda1)
to the nuclear gene H19 (H19) (29). Compared with controls,
mitochondrial content in Acsl1M�/� white gastrocnemius was
1.5-fold greater, but no difference was observed in red gastro-
cnemius or soleus (Fig. 6D). Similar to Cpt1bM�/� mice (21),
the expression of mitochondrial FAO genes in gastrocnemius
(Fig. 6E), but not soleus (Fig. 6F), increased �2-fold, suggesting
that the diminished FAO in Acsl1M�/� gastrocnemius pro-
moted a compensatory increase in FAO capacity. Consistent
with the increase in mitochondrial density, the inner mitochon-
drial enzyme, succinate dehydrogenase, was 1.5-fold greater in
Acsl1M�/� gastrocnemius than in controls (Fig. 6G), indicating

Figure 3. Voluntary running capacity was impaired in Acsl1M�/� mice. A–E, mice were individually housed for 2 weeks with access to a running wheel in a
room with a 12-h light/dark cycle, n � 6 –7 per genotype. A, cumulative distance run. B, daily average running speed during the dark period. C, daily maximal
running speed during the dark period. D, approximate length of time during which mice did not run during the dark period. E, sum of each day’s break time.
F, grip strength in control and Acsl1M�/� mice, n � 9 –11 per genotype. Data are presented as means � S.D. (error bars). **, p � 0.01; *, p � 0.05.
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an increased percentage of oxidative fibers in Acsl1M�/� gas-
trocnemius (Fig. 6H) (30). Similarly, expression of the oxidative
muscle marker MhcI (2) showed a 6.6-fold increase in
Acsl1M�/� white gastrocnemius, but not in red gastrocnemius
or soleus (Fig. 6I). Increases in mitochondria number and in
oxidative muscle fibers are also seen with PGC1� activation
(31). Compared with controls, Ppargc1� gene expression in
ACSL1-deficient white gastrocnemius was slightly increased
but did not reach significance, whereas Ppargc1� gene expres-
sion decreased in oxidative red gastrocnemius (Fig. 6J). The
mRNA expression of PPAR�, which mediates the posttran-
scriptional increase of PGC-1� (32), did not increase in
Acsl1M�/� mice, suggesting that it was not playing a major role
in these changes (Fig. S4D). Taken together, these data suggest
that loss of skeletal muscle ACSL1 promoted a compensatory
increase in skeletal muscle mitochondrial biogenesis and FAO

capacity that was more pronounced in glycolytic than oxidative
skeletal muscle.

Deletion of skeletal muscle Acsl1 alters mitochondrial
morphology but does not impair mitochondrial function

To determine whether loss of ACSL1 in skeletal muscle
impaired mitochondrial function, as observed in ACSL1-defi-
cient hearts (15), we measured the O2 consumption rate (OCR)
in isolated mitochondria by Seahorse analysis with pyruvate and
malate (complex I substrates) or succinate and rotenone (complex
II substrate plus complex I inhibitor). We detected no genotype-
specific differences under either basal or ADP- or carbonyl cya-
nide-4-(trifluoromethoxy)-phenylhydrazone (FCCP)–stimulated
states, indicating that despite a 90% reduction in FAO, mitochon-
dria from Acsl1M�/� muscle functioned normally under resting
conditions (Fig. 7, A and B). However, because Acsl1M�/� mice are

Figure 4. Myopathic features of Acsl1M�/� mice. Plasma creatine kinase (CK) (A) and aspartate transaminase (AST) (B) activities after food deprival for 4 h, n � 11–14
per genotype. C and D, approximately 2000 cells (total) from four randomly selected areas in two adjacent gastrocnemius sections and all cells from an entire soleus
section were counted. Shown is the percentage of cells containing central nuclei in gastrocnemius and soleus from nonexercised (No Ex) and exercised (Ex) mice after
2 weeks of voluntary running, n � 3–4 per genotype. E and F, representative 100-�m images of hematoxylin and eosin–stained gastrocnemius and soleus. Arrows,
central nuclei. G, tissue was fixed in 10% formalin. Representative 100-�m images of the immunostained mitosis marker, phosphohistone H3, in nonexercised
gastrocnemius and soleus. H, mRNA expression of muscle regeneration markers Myog and Myod in white gastrocnemius (WGastroc), red gastrocnemius (RGastroc),
and soleus. Data were normalized to 18S mRNA, n � 5–7 per genotype. Data are presented as means � S.D. (error bars); **, p � 0.01; *, p � 0.05.
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intolerant to endurance exercise (16) and had impaired voluntary
running capacity and an exercise-induced increase in the percent-
age of central nuclei, we questioned whether exercise would affect
mitochondrial function. After mice were allowed use voluntary
running wheels for 1 week, the OCR in isolated mitochondria was
similar between genotypes (Fig. 7, C and D), indicating normal
mitochondrial function even after exercise.

Although the loss of skeletal muscle ACSL1 did not cause
measurable mitochondrial dysfunction, the total mitochondria
pellet size and the content of mitochondrial protein from
ACSL1-deficient gastrocnemius was 13% lower (Fig. 7E),
despite evidence for up-regulated mitochondrial biogenesis
(Fig. 6, D–J). Because mitochondrial preparations tend to cap-
ture well-coupled and intact mitochondria and eliminate mito-

Figure 5. Deletion of Acsl1 resulted in skeletal muscle cell apoptosis. A, mice were deprived of food for 4 h, muscles were excised, and muscle homogenates
were subjected to Western blot analysis and immunoprobed with anti-caspase-3 and anti-GAPDH. B, gastrocnemius was fixed in 10% formalin and immuno-
stained with anti-cleaved caspase-3. Shown are representative 50-�m images of immunostained cleaved caspase-3. C, representative images of gastrocne-
mius immunostained with anti-F4/80, a macrophage cell surface marker.

Figure 6. Deletion of Acsl1 promoted compensatory mitochondrial biogenesis in glycolytic fibers. A, ACSL activity in total membrane fractions (10 �g of
protein) measured with different concentrations of palmitate, stearate, linoleate, or oleate, n � 3 per genotype. B, ACSL activity in muscle homogenates and
mitochondrial fractions measured with 50 �M palmitate, n � 3– 4 per genotype. C, gastrocnemius total homogenate, cytosol, and mitochondria subjected to
Western blotting and immunoprobed with anti-ACSL1, anti-VDAC, and anti-GAPDH. D, relative mitochondrial DNA content in white gastrocnemius (WGastroc),
red gastrocnemius (RGastroc), and soleus. Data were normalized to genomic DNA H19, n � 4 –5 per genotype. E and F, mRNA expression of fatty acid oxidation
genes in gastrocnemius (n � 4 –5 per genotype) (E) and soleus (n � 5–7 per genotype) (F). Data were normalized to 18S mRNA. G, representative images of
succinate dehydrogenase staining in gastrocnemius. H, percentage of oxidative muscle fibers in gastrocnemius, n � 6 per genotype. I, mRNA expression of
MhcI in white gastrocnemius, red gastrocnemius, and soleus. Data were normalized to 18S mRNA, n � 3–7 per genotype. J, Ppargc1 mRNA expression in white
and red gastrocnemius. Data were normalized to 18S mRNA, n � 5– 8 per genotype. Data are presented as means � S.D. (error bars). **, p � 0.01; *, p � 0.05.

Defective fatty acid oxidation in ACSL1-deficient mice

8824 J. Biol. Chem. (2019) 294(22) 8819 –8833



chondria that are flawed (33), we hypothesized that the mito-
chondria isolation protocol might have selectively excluded
damaged mitochondria. Although the mitochondria isolated
from control and Acsl1M�/� gastrocnemius showed equivalent
membrane integrity as assessed by cytochrome c oxidase activ-
ity in the presence and absence of the detergent, n-dodecyl �-D-
maltoside (data not shown), the 13% lower protein content (Fig.
7E) and reduced mitochondrial pellet size suggest that some
damaged mitochondria had been eliminated. Although this
limitation may have precluded full measurement of mitochon-
drial function, the small difference in protein recovery is
unlikely to have markedly influenced functional measures.

Electron micrographs showed many swollen mitochondria
with abnormal cristae in gastrocnemius from Acsl1M�/� mice
(Fig. 7F), but swollen mitochondria were largely absent in
Acsl1M�/� soleus. Whereas changes in mitochondria in soleus
were not prominent, EM was consistent with the 2.5-fold
higher TAG content (Fig. 2A) and excess lipid droplets
observed with ORO staining (Fig. 1E). Thus, our data indicate
that despite apparently normal OCR in isolated mitochondria,
the lack of skeletal muscle ACSL1 resulted in disordered mito-
chondrial structure in glycolytic muscle.

Differences in phospholipid species from cardiac-specific and
skeletal muscle–specific ACSL1-deficient mice

Changes in phospholipid composition may impair muscle
function (34), and muscle cardiolipin content is particularly
important for mitochondrial oxidative function (35). ACSL1

deficiency in heart markedly diminished the major cardiolipin
(CL) species tetralinoleoyl-cardiolipin (17), but cardiolipin spe-
cies in control and Acsl1M�/� gastrocnemius and soleus mus-
cles were similar (Figs. S5 and S6). For other major phospholip-
ids, the total content of each phospholipid was equivalent, but
some differences were observed in selected acyl species. In both
ACSL1-deficient gastrocnemius and soleus, the amounts of
34:1 phosphatidylcholine (PC) and 36:1 PC were greater,
whereas 38:6 PC was lower. These changes in phospholipid
species differed from those observed in ACSL1-deficient
hearts, indicating that the effects of ACSL1 deficiency on PC
species are tissue/organ-specific. Phospholipid species also dif-
fered between the gastrocnemius and soleus muscles them-
selves. Interestingly, however, deficiency of ACSL1 resulted in
similar changes in phosphatidylinositol species in heart and
soleus; both organs showed increases in 36:3 and 38:5 and a 50%
lower content of 38:4, the major PI species (specifically identi-
fied as 18:0, 20:4 in heart) (17).

Skeletal muscle ACSL1 deficiency causes increased protein
turnover in glycolytic but not oxidative muscle fibers

Because the loss of ACSL1 reduced palmitate oxidation by
90% in gastrocnemius while having no apparent effect on glu-
cose uptake or use, we hypothesized that Acsl1M�/� skeletal
muscle must rely on energy either produced from elevated per-
oxisomal FAO or derived from the catabolism of muscle pro-
tein. In contrast to Cpt1M�/� mice (21), however, the expres-
sion of mRNAs related to peroxisomal FAO was similar in

Figure 7. Deletion of Acsl1 impaired mitochondrial morphology but not function. Mice were food-deprived for 3 h, and OCR was measured in isolated
mitochondria from gastrocnemius with malate and pyruvate (n � 3 per genotype) (A) or succinate (n � 6 per genotype) (B) as substrates for either complex I
or complex II. C and D, mice were allowed access to a voluntary running wheel for 1 week. Then mice were food-deprived for 3 h, and OCR was measured in
isolated mitochondria with malate and pyruvate (C) or succinate (D), as substrates (n � 5– 8 per genotype). E, mitochondrial protein content per gastrocnemius,
n � 14 for each genotype. F, representative EM images from control and Acsl1M�/� gastrocnemius and soleus muscles. Data are presented as means � S.D.
(error bars). **, p � 0.01.
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gastrocnemius from Acsl1M�/� and control mice (Fig. S4C),
and long-chain FAO was less than 10% of controls. These fea-
tures suggested that peroxisomal FAO had not increased in
ACSL1-deficient muscle. Thus, muscle must use amino acids as
fuel to accommodate its energy demand. Protein turnover rates
are accelerated in several myopathies. In Mdx mice, a model of
Duchenne muscular dystrophy, for example, gastrocnemius
protein turnover is greater than in controls (36, 37), and protein
turnover rates are greater in severely affected patients with limb
girdle muscular dystrophy (38). The muscle-specific deletion of
Acsl1 did not result in an increased size of gastrocnemius rela-
tive to body weight or an increase in myocyte cross-sectional
area (Fig. S7, A and C). Thus, neither hypertrophy nor atrophy
was present in gastrocnemius, although the much smaller
soleus muscle increased both weight and myocyte size (Fig. S7,
B and D). Protein turnover rate is determined by the rates of
protein synthesis and protein degradation. To assess the rate of
protein synthesis in Acsl1M�/� skeletal muscle, we performed a
SUnSET assay in which puromycin, an aminoacyl-tRNA ana-
log, is incorporated into newly synthesized protein, thereby
both blocking protein elongation and serving as an indicator of
new protein synthesis via immunodetection of puromycin-la-
beled peptides (39). In nonexercised mice, the rates of new pro-
tein synthesis in Acsl1M�/� and control gastrocnemius and
soleus were similar (Fig. S8, A and B). Because the rate of pro-
tein synthesis increases after both resistance and endurance
training (40 –42), we exercised mice on a treadmill for 45 min at
12 m/min (�500 meters), a period of exercise that does not
cause early exhaustion in Acsl1M�/� mice from hypoglycemia
(plasma glucose 128 and 134 mg/dl in Acsl1M�/� and controls,
respectively; n � 3 per genotype) (16). Immediately afterward,
we injected puromycin intraperitoneally (IP) to examine the
rate of new protein synthesis (Fig. 8, A and B). The amount of
puromycin incorporated was 2.1-fold greater in Acsl1M�/� gly-
colytic white gastrocnemius than in controls, but no difference
was observed in red gastrocnemius or soleus, indicating that,
similar to the presence of central nuclei and the expression of
Myog and Myod, the change was more pronounced in glycolytic
muscle fibers. At this time point, a 2.5-fold increase in pS6
kinase phosphorylation exclusively in white gastrocnemius
indicated the presence of activated mTORC1 (Fig. 8, C and D)
in glycolytic muscle, consistent with the increased rate of pro-
tein synthesis. Increased p62 in white gastrocnemius indicated
a concomitant block in autophagy (Fig. 8, E and F). Although
ubiquitinated proteins did not differ between the two geno-
types 30 min after exercise (Fig. S9), it is possible that measure-
ment at a different time point might confirm increased pro-
teolysis; alternatively, a ubiquitin-independent proteolytic
pathway may be active. Supporting this interpretation are
previously reported data showing decreases in most muscle
amino acids after Acsl1M�/� mice are exercised, as well as
increased gastrocnemius content of acyl-carnitine metabo-
lites of branched-chain amino acid degradation (16).

Discussion

ACSL1-activated fatty acids are specifically directed toward
mitochondrial �-oxidation in highly oxidative tissues, includ-
ing skeletal muscle (16, 43). Lack of ACSL1 in skeletal muscle

reduces endurance exercise capacity and impairs metabolic
homeostasis (16). What is less evident is the extent of the
impairment and the mechanism that damages muscle when
FAO is insufficient for energy production. Compared with con-
trols, mice lacking ACSL1 in skeletal muscle had impaired
physical performance, together with muscle damage, apoptosis,
and induced regeneration. These findings, as well as increased
mitochondrial biogenesis, likely resulted from a continued
reduction of muscle protein and were more evident in glyco-
lytic than oxidative muscle.

In the heart, fatty acids are the primary fuel, and lack of myo-
cardial ACSL1 activates the mTORC1 pathway, resulting in
cardiac hypertrophy and a block in mitophagy (15). FAO is also
the primary energy source in skeletal muscle, both at rest and
during sustained exercise. In contrast to Acsl1-deficient hearts,
however, Acsl1M�/� gastrocnemius weight did not increase,
indicating a lack of hypertrophy despite mTORC1 activation.
Thus, the absence of ACSL1, despite an equivalent reduction in
FAO, results in different outcomes in heart and skeletal muscle.
These different responses to defective FAO were likely due to
compensatory differences in fuel use in the two tissues. In
ACSL1-deficient heart, uptake of the glucose analog 2-[1-
14C]deoxyglucose increases 8-fold and glucose 6-phosphate
content increases 3-fold, indicating a marked reliance on glu-
cose in the absence of FAO (15, 44). In contrast, glucose uptake
did not increase in skeletal muscle from shivering Acsl1M�/�

mice. In fact, when excess glucose was provided during a hyper-
insulinemic-hyperglycemic clamp, Acsl1M�/� skeletal muscle
took up less glucose than controls, and less glucose was
required to maintain the plasma glucose concentration at 225
mg/dl, suggesting that Acsl1M�/� mice are mildly insulin-re-
sistant. This interpretation seems to conflict with our previous
finding that, compared with controls, insulin stimulation
results in enhanced Akt phosphorylation in Acsl1M�/� gastro-
cnemius. The discrepancy suggests that Akt activation was
insufficient to increase glucose uptake. A similar finding was
reported in patients with a myopathy imposed by critical illness
(45). In that study, GLUT4 was ineffectively translocated to
the muscle sarcolemma membrane despite Akt activation.
Taken together, our data indicate that in Acsl1M�/� mice,
the reduction in mitochondrial FAO did not result in
enhanced skeletal muscle glucose disposal despite enhanced
Akt phosphorylation.

Because long-chain acyl-CoAs must be converted to acylcar-
nitines before they can be oxidized, the absence of muscle
CPT1b blocks FAO and initiates an adaptive response that
includes mitochondrial biogenesis, compensatory peroxisomal
FAO, increased carbohydrate use, and enhanced amino acid
catabolism (21). During both exercise and fasting, normal skel-
etal muscle oxidizes fatty acids and releases amino acids that are
used for hepatic gluconeogenesis, thereby allowing the mainte-
nance of normal blood glucose levels (46). Although the role of
ACSL1 in providing activated long-chain acyl-CoAs for FAO
would appear to be similar to that of CPT1, compensatory fuel
use differs markedly. Acsl1M�/� mice rapidly deplete muscle
glycogen stores, but muscle use of exogenous glucose does not
increase (16). Thus, because the hypoglycemia that develops in
Acsl1M�/� mice after an overnight fast or endurance exercise is
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not due to increased skeletal muscle glucose uptake, we inferred
that it must result from reduced hepatic glucose production
resulting from insufficient availability of gluconeogenic amino
acids (16). Supporting this interpretation are our previous find-
ings that, compared with controls, fasted Acsl1M�/� mice pro-
duce more glucose from glycerol, indicating a greater capacity
for hepatic gluconeogenesis, and the observed lower content of
free amino acids in ACSL1-deficient muscle (16).

With an inability to use either fatty acids or glucose effec-
tively for energy, Acsl1M�/� muscle must therefore depend on
increased protein degradation to release amino acids for oxida-
tion. Exercise activates muscle glycogenolysis, the tricarboxylic
acid cycle, and amino acid uptake, and in both humans and rats

after mild resistance exercise (40) or after endurance exercise
such as running or cycling (41, 42), the rate of muscle protein
synthesis increases. When we exercised mice on a treadmill, the
rate of protein synthesis increased 2-fold in Acsl1M�/� glyco-
lytic muscle, an effect that was not observed in oxidative mus-
cles. Together with our previous finding that ACSL1-deficient
muscle had a 30% reduction of total free amino acids after
endurance training (16), this finding suggests why the release of
amino acids is inadequate for hepatic gluconeogenesis.

Skeletal muscle can oxidize only six amino acids, the
branched-chain amino acids (BCAAs) leucine, isoleucine, and
valine, plus glutamate, aspartate, and asparagine (47). BCAAs
account for 14 –18% of total amino acids and 35% of essential

Figure 8. Deletion of Acsl1 increased protein synthesis in glycolytic muscle after endurance exercise. Mice were exercised on a treadmill for 45 min, and
sterilized puromycin solution in water (0.04 �mol/g) was injected IP immediately afterward. White gastrocnemius (WGastroc), red gastrocnemius (RGastroc),
and soleus were collected 30 min later and homogenized. Homogenates were then probed with anti-puromycin and anti-ACSL1 antibodies. ImageJ software
was used to quantify relative pixel density of the bands. A, representative Western blots of anti-puromycin and anti-ACSL1 (�, no puromycin injection; �,
puromycin injection), and membranes were stained with Ponceau S. B, quantitation of puromycin incorporation normalized to Ponceau S, n � 4 –5 per
genotype. C, Western blots of anti-phospho-pS6K and anti-total pS6K in white gastrocnemius and red gastrocnemius. Representative Western blotting of
anti-phospho-pS6K and anti-total pS6K in soleus. D, quantitation of pS6K phosphorylation, n � 6 per genotype. E, Western blots of anti-p62 and anti-GAPDH
in white gastrocnemius, red gastrocnemius, and soleus. F, quantitation of p62 was normalized to GAPDH, n � 6 per genotype. Data are presented as means �
S.D. (error bars). *, p � 0.05; **, p � 0.01.
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amino acids in skeletal muscle where BCAAs are primarily oxi-
dized (48, 49). The continued drain on muscle protein, espe-
cially of BCAAs, is likely to be responsible for the myopathy
observed in Acsl1M�/� mice. Branched-chain �-keto acid de-
hydrogenase complex (BCKDH) regulates the rate-limiting
step of BCAA degradation (47). In both human and rodent skel-
etal muscle, exercise activates BCKDH and depletes glycogen
(47, 50). In glycogen-depleted muscle, enhanced leucine oxida-
tion results in a net carbon drain on the tricarboxylic acid cycle,
eventually leading to muscle fatigue (47). We speculate that lack
of ACSL1 increased the metabolism of muscle BCAAs and
explains the muscle pathology. Given that BCAA supplemen-
tation increases both muscle and arterial BCAA concentrations
and prevents muscle protein degradation during exercise (48,
50), studying the effect of BCAA supplementation may be war-
ranted to determine whether the Acsl1M�/� myopathy might
improve. BCAAs are ketogenic. Despite the fact that exercise
increases BCAA oxidation, we found that plasma �-hydroxy-
butyrate in Acsl1M�/� mice and controls is similar (16), sug-
gesting that ketones might also be used as a muscle energy
source. Full-length caspase-3 was expressed only in Acsl1M�/�

skeletal muscle, and cleaved caspase-3, which plays a major role
in inducing both the intrinsic and extrinsic apoptosis pathways
(27), was present only in Acsl1M�/� skeletal muscle. After apo-
ptotic cell death, inflammatory cells migrate to the injured
locus and remove debris to allow the normally quiescent satel-
lite cells to proliferate and differentiate into mature myoblasts,
which then fuse with each other and with surviving fibers to
repair myocytes (51, 52). Positive immunostaining of cleaved
caspase-3, as well as evidence of macrophage infiltration, sup-
ports the interpretation that apoptosis underlies muscle cell
death in Acsl1M�/� gastrocnemius. The marked increase in the
number of central nuclei in Acsl1M�/� gastrocnemius after
exercise together with increased mRNA expression of the
regeneration markers Myod and Myog and positive staining of
the mitosis marker phosphohistone H3 is indicative of robust
muscle regeneration.

Although ACSL1 deficiency resulted in a 90% reduction in
FAO in red gastrocnemius and a 77% reduction in white gas-
trocnemius, the major molecular and histological changes
occurred in the more glycolytic white gastrocnemius. Thus,
white gastrocnemius had more damaged fibers and up-regu-
lated expression of oxidative genes, suggesting an attempt to
increase oxidative capacity. The mRNA expression of MhcI, a
marker of oxidative muscle fibers, increased 6-fold in white
gastrocnemius. White gastrocnemius also showed up-regula-
tion of genes related to mitochondrial FAO, increased mito-
chondrial copy number, and a greater amount of oxidative mus-
cle fibers, as evidenced by SDH staining. These changes suggest
that Acsl1M�/� muscle responded to reduced FAO by increas-
ing mitochondrial biogenesis and switching fiber type from gly-
colytic to oxidative. Similar changes have also been observed in
mice lacking very-long-chain acyl-CoA dehydrogenase
(VLCAD�/�), which catalyzes the first of four sequential reac-
tions in the mitochondrial oxidation of long-chain fatty acids
(53). Like Acsl1M�/� muscle, VLCAD�/� muscle increases
mRNA expression of the oxidative muscle marker troponin I
(54). Despite the increase in Acsl1M�/� mitochondrial content,

however, mitochondrial OCR was similar in both genotypes,
with the caveat that the mitochondria isolation procedure may
have selectively excluded damaged mitochondria present in
Acsl1M�/� muscle.

The oxidative soleus muscle was protected from the defects
observed in glycolytic white gastrocnemius. Compared with
controls, the ratio of Acsl1M�/� soleus weight to total body
weight was significantly greater, and cell size was larger, in part
because of an accumulation of TAG. Compared with gastro-
cnemius, fewer Acsl1M�/� soleus myocytes contained central
nuclei and, unlike gastrocnemius, the number of central nuclei
increased only minimally after exercise. In addition, no changes
were observed in expression of muscle regeneration markers or
markers for enhanced mitochondrial biogenesis. Why soleus
was protected remains unclear.

Muscle type–specific differences are present in several mus-
cle disorders. For example, in a mouse model of spinal bulbar
muscular atrophy deficiency, in patients with Duchenne mus-
cular dystrophy, and in Mdx mice, glycolytic muscles are most
severely affected, and metabolic changes are characterized by a
switch in fiber type from glycolytic to oxidative (55–57). Gas-
trocnemius consists of a mix of oxidative and glycolytic fibers,
whereas soleus is composed primarily of oxidative fibers. The
mRNA expression of genes linked to fatty acid transport and
TAG synthesis is greater in soleus than in the extensor digito-
rum longus, a predominantly glycolytic muscle, suggesting that
soleus has a greater capacity for lipid accumulation (58).
Despite a 72% decrease in total ACS activity compared with
controls, ACSL1-deficient soleus contained 2.5 times more
TAG. The accumulation of excess fatty acids in the TAG pool is
believed to sequester lipid molecules and divert them from
potentially lipotoxic pathways; thus, the presence of lipid drop-
lets may explain why less damage was observed in Acsl1�/�

soleus (59). In addition, metabolically active intramyocellular
lipid droplets are frequently observed adjacent to mitochon-
dria. These lipid droplets serve as metabolic fuel during exercise
or fasting (58, 60). Compared with red or white gastrocnemius,
total ACS activity in soleus was 2- and 4-fold higher, respec-
tively. In Acsl1�/� muscles, ACS activity decreased by more
than 90%, although residual activity remained highest in soleus,
and palmitate oxidation was only 72% lower than in controls.
Our observation that ACSL3 mRNA expression was 3.4-fold
higher in Acsl1M�/� compared with controls suggests that
ACSL3 may be compensating for the deficiency in ACLS1.
Acsl3 mRNA also increased in hearts lacking ACSL1 (18). The
specific function of ACSL3 has not been determined, but it has
been implicated in the synthesis of PC (61) and in the KRAS-
mediated production of acyl-CoAs that are directed toward
�-oxidation in lung cancer cells (62). Together, these data sug-
gest that lack of ACSL1-dependent fatty acid metabolism is
more problematic in glycolytic than oxidative muscle.

Compared with controls, the rate of protein synthesis was
2.1-fold greater after exercise in Acsl1M�/� glycolytic muscle,
consistent with the need to resynthesize protein that had been
degraded to supply amino acids for fuel. The drain of muscle
amino acids for potential local utilization as fuel and protein
resynthesis reduced the pool of muscle free amino acids, dimin-
ishing their release as substrates for hepatic gluconeogenesis.
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Taken as a whole, our data suggest that FAO is critical for nor-
mal skeletal muscle homeostasis during both rest and activity;
the resulting overall deficit in muscle fuel availability causes a
myopathy manifested by exercise intolerance, muscle weak-
ness, and myocyte apoptosis.

Experimental procedures

Animal studies

Studies were performed with approval of and in accordance
with the guidelines of the Institutional Animal Care and Use
Committee at the University of North Carolina at Chapel Hill.
Mice were housed in a climate-controlled animal facility with
ad libitum access to food (Prolab RMH 3000 SP76 chow) and
water. Littermate Acsl1flox/flox (63) mice served as controls.
Acsl1M�/� mice were generated by crossing Acsl1flox/flox mice
with mice expressing muscle-specific human skeletal actin pro-
moter (Jackson Laboratory, catalog no. 006149)-driven Cre
recombinase (16). Mice were backcrossed six times onto the
C57BL6/J background. 3– 4-Month old mice were studied. We
previously reported that measurements were qualitatively sim-
ilar between male and female Acsl1M�/� mice (16), so we have
reported the majority of the measurements from only one sex.
Red gastrocnemius samples included plantaris. Voluntary exer-
cise was measured as described previously (64). Briefly, mice
were housed in single cages with accessible individual running
wheels for 14 consecutive days. Wheel-running activity was
monitored and recorded at 1-min intervals. Running distance,
average speed, maximal speed, and percent of time spent run-
ning were calculated. Activity during the light and dark cycles
(720 min) was analyzed separately. Mice were stressed with
treadmill exercise before measuring the rate of protein synthe-
sis. Before exercise, mice were acclimated on a speed-con-
trolled treadmill for 3 consecutive days as described (16). On
the day of the experiment, mice were fasted for 2 h and placed
on the treadmill. The treadmill protocol was programmed for a
total of 45 min: 0 –3 m/min for 30 s, 3– 6 m/min for 90 s, 6 –10
m/min for 90 s, 10 m/min for 900 s, 10 –12 m/min for 60 s, and
12 m/min for 1500 s. For the final minute of the protocol, the
speed was gradually reduced from 12 to 0 m/min (16). Imme-
diately after exercise, a surface sensing of translation (SUnSET)
assay was performed to assess the rate of global protein synthe-
sis (39). For this study, sterilized puromycin (Sigma, 8833) in
water (4 mg/ml) was injected IP. The body weight of the mouse
was measured before the treadmill exercise, and the volume of
puromycin was calculated as (body weight � 0.04 � 1000)/7.36
for a final concentration of 0.04 �mol/g. 30 min later, mice were
anesthetized, and skeletal muscle was collected for Western
blot analysis. For the wire hang grip test to assess muscle
strength, individual mice were placed at the center of a large
metal rat cage lid. Once the mouse had gripped the metal grid,
the cage lid was inverted over a large foam pad and suspended
30 cm above the pad. The latency for the mouse to fall from the
lid was recorded in seconds. Hanging was scored as follows: �4,
falling from the lid within 30 s; �2, falling within 60 s or poor
gripping, using the limbs or using two paws instead of four
paws; 0, well-coordinated gripping with good turning ability;
�2, superior coordination with smooth turning (65). A hyper-

insulinemic-hyperglycemic clamp study was conducted by the
Mouse Metabolic Phenotyping Center at Yale as described pre-
viously (66).

Metabolites

After 4 h of food deprivation, blood was collected by retro-
orbital bleeding to measure plasma creatine kinase activity (CK
Liqui-UV� test kit; Stanbio, catalog no. 2910) and aspartate
aminotransferase activity (Liquid AST Reagent Set; Thermo
Fisher Scientific, catalog no. 23-666-120). To measure glyco-
gen, muscle was weighed and immediately snap-frozen in liquid
nitrogen. Glycogen was measured by the acid hydrolysis
method (16). Glucose was measured by Autokit Glucose (Wako
Diagnostics, catalog no. 997-03001). Muscle lipid was extracted
by the Folch method (67), and TAG content was measured
colorimetrically (Sigma, catalog no. T2449).

Biochemical measurements

FAO was measured as described (15). Briefly, muscle was
minced and homogenized in ice-cold buffer (100 mM KCl, 40
mM Tris-HCl, 10 mM Tris base, 5 mM MgCl2, 6H2O, 1 mM

EDTA, and 1 mM ATP (pH 7.4)) at a 10-fold dilution (w/v).
Oxidation was measured for 30 min in a 200-�l reaction mix-
ture containing 100 mM sucrose, 10 mM Tris-HCl, 10 mM KPO4,
100 mM KCl, 1 mM MgCl2, 1 mM L-carnitine, 0.1 mM malate, 2
mM ATP, 0.05 mM CoA, and 1 mM DTT (pH 7.4) with palmitate
or pyruvate as substrate. Either the production of 14C-labeled
CO2 plus acid-soluble metabolites or only the production of
14C-labeled CO2 was measured. To measure glucose uptake,
mice were placed at 4 °C for 2 h and then injected IP with 10 �Ci
of 2-[1-14C]deoxyglucose in saline. Skeletal muscles were har-
vested and snap-frozen in liquid N2. Radioactivity was mea-
sured in tissue homogenates, and the result was normalized to
the radioactivity in 10 �l of serum collected 5 min after injec-
tion (15).

ACS activity

Muscle ACS activity (initial rates) was measured as described
(18). Briefly, tissue homogenates were centrifuged at 100,000 �
g for 1 h at 4 °C to isolate total membrane fractions. Protein
(2–15 �g) was incubated with 50 mM [1-14C]palmitate, 175 mM

Tris-HCl, pH 7.4, 10 mM ATP, 250 mM CoA, 5 mM DTT, and 8
mM MgCl2 at room temperature for 10 min. The enzyme reac-
tion was stopped with 1 ml of Dole’s solution (heptane, isopro-
pyl alcohol, 1 M H2SO4; 80:20:1, v/v/v). 2 ml heptane and 0.5 ml
water were added to separate the phases. Radioactivity of the
[1-14C]palmitoyl-CoA in the aqueous phase was measured.

Immunoblots

Muscles were homogenized in lysis buffer (20 mM Tris, 1%
Triton X-100, 50 mM NaCl, 250 mM sucrose, 50 mM NaF, 5 mM

Na4P2O7, and protease and phosphatase inhibitor mixture
(Thermo Fisher Scientific, catalog no. 78422) with a motor-
driven Teflon-glass homogenizer (Potter-Elvehjem, Pro Scien-
tific Inc.). Total protein lysate was collected by centrifuging the
homogenate at 700 � g for 5 min. Protein concentrations were
measured by the BCA protein assay (Thermo Fisher Scientific,
catalog no. 23225) and loaded on a 12% SDS gel. Primary anti-
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bodies were used for caspase-3 (1:1000) (Cell Signaling Tech-
nology, catalog no. 9662), ACSL1 (1:1000) (Cell Signaling Tech-
nology, catalog no. 4047), GAPDH (1:20,000) (Abcam, ab8245),
puromycin (1:1000) (Millipore Sigma, MABE343), VDAC
(1:4000) (Abcam, 15859), ubiquitin (1:1000) (Cell Signaling
Technology, catalog no. 3933S), phospho-p70 S6 kinase
(1:1000) (Cell Signaling Technology, catalog no. 9234L), p70 S6
(1:1000) (Cell signaling Technology, catalog no. 2708S), and
P62 (1:5000) (Abnova, H00008878-M01). Goat anti-mouse IgG
(H�L) secondary antibody, horseradish peroxidase (Thermo
Fisher Scientific, 31430), and goat anti-rabbit IgG (H�L) sec-
ondary antibody, horseradish peroxidase (Thermo Fisher Sci-
entific, 31460) were used.

Histology

Muscles were either snap-frozen in liquid nitrogen– cooled
isopentane or fixed in 10% neutral buffered formalin for paraf-
fin embedding. Muscle tissues were sectioned by the UNC His-
tology Research Core Facility. For succinate dehydrogenase
(SDH) staining, frozen sections were incubated with 0.0065%
KCN, 0.185% EDTA, 0.1% nitro blue tetrazolium, and 50 mM

sodium succinate for 3 min in a 37 °C incubator. Tissue sections
were then washed with distilled H2O and acetone and mounted
(ShandonTM Immu-MountTM; Thermo Fisher Scientific, cata-
log no. 9990402). For Oil Red O (ORO) staining, frozen sections
were incubated with freshly prepared ORO working solution
(0.5% ORO in isopropyl alcohol diluted in water at a 3:2 ratio)
for 15 min at room temperature. Tissue sections were rinsed
with 60% isopropyl alcohol and water and counterstained with
hematoxylin and then mounted with ShandonTM Immu-
MountTM. Formalin-fixed paraffin-embedded sections were
stained with anti-cleaved caspase-3 (1:1000 dilution) (Cell Sig-
naling, 9661S) for apoptosis, anti-phosphohistone H3 (Ser-10)
(1:400 dilution) (Cell Signaling, 9701S) for mitosis, or anti-
F4/80 (1:200 dilution) (AbD Serotec/Bio-Rad, MCA497) for
macrophage infiltration. The UNC Histology Research Core
Facility performed immunohistochemistry and hematoxylin
and eosin staining. All slides were scanned with an Aperio dig-
ital scanner. ImageJ software was used to set the threshold to
quantify the percentage of oxidative fibers. Oxidative fibers
were defined by the medium-to-dark blue colors (30). To deter-
mine the percentage of cells containing central nuclei, four dif-
ferent areas from the gastrocnemius (�2000 muscle fibers in
total) and an entire soleus section were selected randomly and
examined.

EM

EM was performed by the UNC Microscopy Service Labora-
tory (18). Mice were food-deprived for 4 h, and gastrocnemius
and soleus were perfused and fixed with fresh 2.5% glutaralde-
hyde, 2% paraformaldehyde in 0.15 M sodium phosphate buffer,
pH 7.4.

Analysis of gene expression and mitochondria copy number

Skeletal muscle total RNA was extracted (RNeasy Plus Mini
Kit; Qiagen, catalog no. 74134) and reverse transcribed with the
iScript cDNA synthesis kit (Bio-Rad, 1708890). DNA was iso-
lated with the DNase Blood & Tissue Kit (catalog no. 69504).

cDNA and DNA were amplified with iTaqTM Universal SYBR�
Green Supermix (Bio-Rad, 1725121). Sequences of primers
used in this study are listed (Table S1). The mitochondrial DNA
gene NADH dehydrogenase 1 was normalized to nuclear DNA
gene H19, and the ratio of mitochondria DNA copy number/
nuclear DNA copy number was quantified as described (29).

Mitochondria studies

To isolate mitochondria, gastrocnemius was minced 200
times in ice-cold isolation buffer (70 mM sucrose, 210 mM man-
nitol, 5 mM HEPES, 1 mM EGTA, and 0.5% (w/v) fatty acid free
BSA) immediately after dissection. Minced muscle was homog-
enized in a motor-driven Teflon-glass homogenizing vessel
with 10 up-and-down strokes. The homogenate was centri-
fuged at 700 � g for 5 min at 4 °C to remove unbroken cells and
nuclei. The supernatant was centrifuged at 8000 � g for 10 min
at 4 °C to pellet mitochondria. To measure mitochondrial pro-
tein concentration and total mitochondrial protein amount per
gastrocnemius, mitochondria were suspended in 100 �l of iso-
lation buffer without BSA to avoid interference with the protein
assay, and 10 �l of mitochondrial suspension was used to mea-
sure protein concentration by the Bradford method. The
remaining 90 �l of the mitochondrial suspension was centri-
fuged for a second time at 8000 � g for 10 min at 4 °C. The
mitochondrial pellet was resuspended in assay buffer contain-
ing 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM

MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2 (w/v) fatty acid-free
BSA. The amount of total mitochondrial protein per gastrocne-
mius was calculated by multiplying the volume (90 �l) by the
mitochondrial protein concentration (�g/�l). Mitochondrial
OCR was measured with a Seahorse XF96 Analyzer with 5 mM

pyruvate and 5 mM malate as complex I substrates, and 10 mM

succinate plus 2 �M rotenone as complex II substrate and com-
plex I inhibitor. Mitochondria (4 �g of protein) were stimulated
in succession with 100 mM ADP, 1 mg/ml oligomycin, 4 mM

FCCP, and 4 mm antimycin A, all of which were dissolved in
assay buffer without BSA to avoid port injection failure (18).
Mitochondrial outer membrane integrity was assessed by a
cytochrome c oxidase assay kit according to the protocol (Mil-
liporeSigma, CYTOCOX1).

Phospholipid analysis

Samples of soleus and gastrocnemius were prepared (18)
with modifications. Tissues were homogenized with an
Omni Bead Ruptor Elite in ice-cold PBS and protease inhib-
itors (Roche Applied Science). Protein was determined by
the bicinchoninic acid method (Pierce). Homogenates (500
�g of protein) were diluted with PBS to a total volume of 200
�l. An internal standard mixture from Avanti Polar Lipids
was resuspended and mixed in 100% methanol (50 ng of each
phospholipid class, 100 ng of CL). This mixture contained
1,2-didodecanoyl-sn-glycero-3-phosphate (PA-12:0/12:0),
1,2-didodecanoyl-sn-glycero-3-phosphocholine (PC-12:0/
12:0), 1,2-didodecanoyl-sn-glycero-3- phosphoethanol-
amine (PE-12:0/12:0), 1,2-didodecanoyl-sn-glycero-3-phos-
phoglycerol (PG-12:0/12:0), 1,2-dioctanoyl-sn-glycero-3-
phosphoinositol (PI-8:0/8:0), 1,2-didodecanoyl-sn-glycero-3-
phosphoserine (PS-12:0/12:0), and 1	-(1,2-di-(9Z-tetradecenoyl)-
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sn-glycero-3-phospho), 3	-(1-(9Z-tetradecenoyl), 2-(10Z-
pentadecenoyl)-sn-glycero-3-phospho)-sn-glycero (CL-(14:1) x3/
15:1). Then 750 �l of methanol/chloroform (2:1; v/v) plus an inter-
nal standard mixture of 50 ng for each phospholipid class and 100
ng of CL was added, and products were extracted (68). Samples
were dried under N2 and then resuspended in 500 �l (5 �l was
injected on column) of 75% solvent A (isopropyl alcohol/hexanes;
4:3; v/v) and 25% solvent B (isopropyl alcohol/hexanes/water; 4:3:
0.7; v/v/v containing 5 mM ammonium acetate). Samples were
analyzed by LC coupled to tandem MS (LC/MS/MS).

Liquid chromatography/MS

Analysis was performed as described previously (18) with
modifications. For normal phase separation, samples were
injected onto an Ascentis-Si HPLC column (150 � 2.1 mm, 5
�m; Supelco) at a flow rate of 0.2 ml/min with 25% solvent B
and 75% solvent A. Solvent B was maintained at 25% for 5 min
and increased to 60% over 10 min and then to 95% over 5 min.
The system was held at 95% solvent B for 20 min before re-e-
quilibration at 25% for 14 min. Phospholipids were measured
using an API4000 triple quadrupole mass spectrometer (AB
Sciex). Positive ion mode was used to detect PC and phos-
phatidylethanolamine (PE) lipids with quadrupole 1 scanning
an m/z range from 250 to 900 in 0.1-Da increments over 3 s.
Negative ion mode was used to detect CL, phosphatidic acid
(PA), phosphatidylinositol (PI), phosphatidylglycerol (PG), and
phosphatidylserine (PS) with quadrupole 1 scanning an m/z
range from 150 to 1600 in 0.1-Da increments over 4 s. Quanti-
tation of the peak area was performed using AB Sciex Multi-
Quant software. Internal standards were used to validate reten-
tion times for each phospholipid class. Based on elution relative
to the internal standard, phospholipids were converted from
mass-to-charge to total number of acyl carbons and double
bonds.

Statistics

All graphs were created and statistics were performed with
GraphPad Prism version 7.0 software. Data are expressed as the
mean � S.D. of sample size n. Each n represents an individual
mouse. Comparisons between control and Acsl1M�/� mice
were performed by unpaired, two-tailed Student’s t test. For the
wire hang grip test, a nonparametric Mann–Whitney U test
was performed. For central nuclei data and homogenate and
mitochondrial ACSL activity, two-way analysis of variance was
conducted. For multiple comparisons, multiple t tests were per-
formed and corrected by the Holm–Sidak method. A p value of
less than 0.05 was considered significant.
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