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Free fatty acids are converted to acyl-CoA by long-chain acyl-
CoA synthetases (ACSLs) before entering into metabolic
pathways for lipid biosynthesis or degradation. ACSL family
members have highly conserved amino acid sequences except
for their N-terminal regions. Several reports have shown that
ACSL1, among the ACSLs, is located in mitochondria and
mainly leads fatty acids to the p-oxidation pathway in various
cell types. In this study, we investigated how ACSL1 was
localized in mitochondria and whether ACSL1 overexpression
affected fatty acid oxidation (FAO) rates in C2C12 myotubes.
We generated an ACSL1 mutant in which the N-terminal
100 amino acids were deleted and compared its localization
and function with those of the ACSL1 wild type. We found
that ACSL1 adjoined the outer membrane of mitochondria
through interaction of its N-terminal region with carnitine
palmitoyltransferase-1b (CPT1b) in C2C12 myotubes. In
addition, overexpressed ACSL1, but not the ACSL1 mutant,
increased FAO, and ameliorated palmitate-induced insulin
resistance in C2C12 myotubes. These results suggested that
targeting of ACSL1 to mitochondria is essential in increasing
FAO in myotubes, which can reduce insulin resistance in
obesity and related metabolic disorders,
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INTRODUCTION

Depending on fuel availability, skeletal muscle can use both
glucose and fatty acids for energy (Kelley and Mandarino,
2000). Increased serum free fatty acids in energy excess state
like obesity causes lipid accumulation in the peripheral tissues,
such as skeletal muscle and liver, which results in insulin resis-
tance (Badin et al., 2013; Czech, 2017; Koves et al., 2008).
Excess intracellular palmitate is converted to diacylglycerol
(DAG) and ceramide, two major inducers of insulin resistance
(Chaurasia and Summers, 2015; Coll et al., 2008; Palomer
et al,, 2018). Several reports have shown that increased fat-
ty acid oxidation (FAO) reduces cellular DAG and ceramide
levels and restores the insulin signaling pathway (Bruce et al.,
2009; Henique et al., 2010; Sebastian et al., 2007). There-
fore, enhancing FAQ is a potential therapeutic treatment for
obesity-induced insulin resistance.

Free fatty acids must be converted to acyl-CoAs by a long-
chain acyl-CoA synthetase (ACSL) family member before
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entering into the synthetic pathways of cholesterol esters,
phospholipids, DAG, and triacylglycerol (TG) or into the B
oxidation pathway (Soupene and Kuypers, 2008). ACSL
isoforms have different tissue distributions, subcellular lo-
calizations and nutrient responses (Mashek et al., 2006). It
has been thought that ACSL isoforms are localized at various
intracellular membranes, such as the plasma, endoplasmic
reticulum (ER), mitochondria, and microsomal membranes,
and their active sites face the cytoplasm (Gargiulo et al,,
1999; Mannaerts et al., 1982). In addition, several studies re-
ported that the fate of an acyl-CoA toward p-oxidation or lip-
id biosynthesis was determined by the ACSL isoform-mediat-
ed compartmentalization of acyl-CoA (Bowman et al., 2016;
Bu et al., 2009; Cooper et al., 2015; Ellis et al., 2010; Li et al.,
2015; Teodoro et al., 2017). ACSL1, one of the ACSL fam-
ily members, mainly directs fatty acids toward g-oxidation.
ACSL1 deficiency decreases FAO in skeletal muscle, cardiac
muscle, and adipose tissues (Ellis et al., 2010; Grevengoed et
al., 2015; Zhao et al., 2019). However, other reports showed
that ACSL1 was also located on the ER as well as mitochon-
dria in the liver, and many proteins in the mitochondria and
ER were identified as ACSL1 interacting proteins in hepato-
cytes by proteomics analyses (Li et al., 2009; Young et al.,
2018). Liver-specific knockout of Acs/T reduced TG contents
and FAO, as well as changing the phospholipid composition
(Li et al., 2009). However, ACSL1 overexpression in liver or
hepatocytes increases TG and phospholipids, with targeting
of the overexpressed ACSL1 to the ER (Li et al., 2006; Parkes
et al., 2006). These results suggest that the localization of
ACSL1 in mitochondria is important for FAQO.

We previously showed that the transcript levels of car-
nitine palmitoyltransferase-1b (CPT1b), a master regulator
of FAO rates, and ACSL1 were increased by treatment with
high levels of palmitate in skeletal myotubes, which was
mediated by activation of peroxisome proliferator-activat-
ed receptor § (PPARS) and PPARy through desumoylation
(Koo et al., 2015). Consistently, SUMO-specific protease 2
overexpression in skeletal muscle protected mice from high
fat diet-induced obesity and insulin resistance by increasing
FAO through upregulation of CPT1b and ACSL1 expressions
(Koo et al., 2015). We therefore hypothesized that ACSL1
overexpression in myotubes facilitated FAO, unlike the effect
of ACSL1 overexpression in the liver. In addition, we also hy-
pothesized that the N-terminal region of ACSL1 was import-
ant for its localization to mitochondria. ACSL family members
have highly conserved amino acid sequences except for their
N-terminal regions of approximately 100 amino acids. The
N-terminal regions of ACSL isoforms contain predicted trans-
membrane spanning segments (for example, amino acids
from 25 to 45 of ACSL1) (Soupene and Kuypers, 2006).

In this study, we constructed an N-terminal 100 amino
acid-deletion mutant of ACSL1, and investigated its cellular
location and function compared with the wild type form of
ACSL1. Unlike the wild type, the ACSL1 mutant is not located
in mitochondria. In addition, overexpression of ACSL1 wild
type, but not the ACSL1 mutant, increased FAO in C2C12
myotubes.
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MATERIALS AND METHODS

Cell culture

COS7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) in a 5% CO, incubator. C2C12 myoblasts were
maintained in DMEM supplemented with 10% FBS. Differen-
tiation to myotubes was induced by incubation with DMEM
containing 2% horse serum (Invitrogen, USA) for 4-7 days.

Transfection of plasmids, virus infection, and siRNA treat-
ment

An expression vector for the wild type form of ACSL1 (pcD-
NA-HA-ACSL1wt) was constructed by sub-cloning the full-
length of a mouse ACSLT ¢cDNA fragment into the pcD-
NA-HA vector. The expression vector of an ACSL1T mutant
form (pcDNA-HA-ACSL1mt) was generated by inserting an
ACSL1 ¢DNA fragment lacking the N-terminal 100 amino
acids to pcDNA-HA. The pCMV-mCPT1b-Myc was purchased
from Sino Biological (China). Plasmid transfection was per-
formed using Lipofectamine with Plus Reagent (Invitrogen).
Specific siRNAs against ACSL1, ACSL3, and CPT1b were pur-
chased from Dhamarcon (USA), and the siRNAs (50 nmol/
L) were transfected using RNAIMAX (Invitrogen). To gener-
ate the adenovirus expressing Ad-HA-ACSL1wt or Ad-HA-
ACSL1mt, the DNA fragments coding HA-ACSL1 cDNA were
inserted into pAdTrack-CMV, followed by recombination with
pAdEasy. Ad-HA-ACSL1 was generated by transfecting the
recombinant adenoviral DNA into AD-293 cells. C2C12 myo-
tubes were infected with Ad-GFP (control), Ad-ACSLTwt or
Ad-ACSLTmt (100 moi) for 24 h.

Immunofluorescence

C2C12 myotubes, COS7 or HepG2 cells were incubated with
100 nmol/L Mito-Tracker (Thermo Fisher Scientific, USA) or
1 umol/L ER-Tracker (Thermo Fisher Scientific) for 30 min,
followed by fixation in 4% paraformaldehyde for 10 min,
then washing three times with phosphate-buffered saline
(PBS). Cells were treated with 0.25% Triton X-100 in PBS
for 10 min, followed by three washes with PBS. After incu-
bation with 5% normal goat serum in PBS for 1 h, the cells
were incubated with an antibody against HA (1:500 in 2.5%
normal goat serum; Santa Cruz Biotechnology, USA) at 4°C
overnight. On the following day, the cells were washed with
PBS four times and treated with Alexa 568-conjugated sec-
ondary antibody (1:200 in 2.5% normal goat serum; Thermo
Fisher Scientific) for 1 h at room temperature. The cover slips
were mounted with 4”,6-diamidino-2-phenylindole con-
taining mounting solution (ImmunoBioscience, USA), and
the images were then monitored using a fluorescence mi-
croscope (STED CW; Leica, Germany). Quantification of the
overlapping area between mitotracker red fluorescent signals
and green fluorescent signals of HA was performed by using
Image J program.

Immunoprecipitation

COS7 cells were transfected with pcDNA-HA or pcDNA-
HA-ACSL1 (250 ng) and pCMV-CPT1b-Myc (250 ng) for 24
h. Cell lysates were prepared using lysis buffer (20 mmol/



L Tris-HCI, pH 7.4, 1% NP-40, 10 mmol/L Na,P,0,, 2 mmol/
L NasVO,, 100 mmol/L NaF, 5 mmol/L EDTA, 7 ug/ml leu-
peptin, 7 pg/ml aprotinin, and 1 mmol/L phenylmethysulfo-
nyl fluoride [PMSF]). The cell lysates (500 pg) were used for
immunoprecipitation with anti-HA antibody-coupled agarose
beads (Roche, Switzerland) for 4 h at 4°C. The precipitates
were washed five times and resuspended with 2x SDS-PAGE
sampling buffer followed by heating. After removing agarose
beads by centrifugation, the same amount of sample was
subjected to SDS-PAGE and blotted with specific antibodies.

Mitochondria fractionation

The cells were homogenized in ice-cold mitochondria isola-
tion buffer (250 mmol/L sucrose, 10 mmol/L Tris-HCl and 1
mmol/L EDTA) and then cell debris was removed by centrifu-
gation (700 x g). The supernatant was centrifuged at 1,000 x
g for 15 min to collect the nuclear fraction. The supernatant
was centrifuged at 10,000 x g for 30 min to collect the mito-
chondrial fraction, with the supernatant being the cytosolic
fraction. The pellets were washed with PBS and resuspended
with mitochondria isolation buffer, then incubated with pro-
teinase K (20 ug/ml) for 15 min. Reactions were stopped by
addition of 1 mmol/L PMSF.

Acyl-CoA synthetase activity assay

Total acyl-CoA synthase activity was measured by acyl-CoA
synthetase (ACS) assay kit (Abcam, USA). C2C12 myo-
tubes were infected with Ad-GFP, Ad-HA-ACSL1wt, or Ad-
ACSLTmt (100 moi) for 24 h, and then homogenized in 100
ul lce-cold ACS assay buffer. ACS activity was measured fol-
lowing the manufacture’s protocol, and the H,0, production
rate was normalized by the amount of proteins.

Measurement of fatty acid oxidation

C2C12 myotubes were homogenized in ice-cold mitochon-
dria isolation buffer. The lysates were incubated with 0.2
mmol/L [1-"C] palmitate for 2 h. The '*CO, and "C-labeled
acid-soluble metabolites were quantified using a liquid scin-
tillation counter. Each radioactivity reading was normalized
using the protein amount of each sample.

TAG and DAG contents

C2C12 myotubes were harvested in PBS containing magne-
sium and calcium, and the cell pellets were resuspended with
200 pl of the assay buffer of Triglyceride Colorimetric assay Kit
(Cayman, USA), and TG content of the cells was measured
following the manufacture’s instruction. To measure DAG
contents, cell pellets in PBS were sonicated, and then DAG
were separated by methanol/chloroform extractions followed
by drying under a freeze speedvac dryer overnight. The dried
sample was resuspended with 100 pl assay buffer of Diacyl-
glycerol Assay Kit (Abcam), and DAG content was measured.
The cellular TG and DAG contents were normalized by pro-
tein amounts of the cells.

RNA preparation and quantitative polymerase chain reac-
tion (qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Real-time gPCR
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was performed using SYBR Premix Ex Tag reagents (Takara,
Japan) and a 7500 real-time PCR system (Applied Biosystems,
USA). Pairs of real-time PCR primers were as follows: Acs/1
primers, 5'-ctggttgctgcctgagcettg-3” and 5'-ttgcccctttcacaca-
cacc-3’; Acsl3 primers, 5'-gccagaaaccaaaggccaac-3” and 5
"-gaacaatggctggacctccc-3’; Acsl4 primers, 5'-ttcgagaagctg-
caaatgcc-3” and 5'-taccaaaccagtctcggggg-3’; Acs/5 primers,
5’-ggaaaagggcctcacaccag-3” and 5’-ctccgcatcatgcagg-
gata-3’; Acslé primers, 5'-cttcttcttggtgtcggggg-3” and 57
-gaaaaactggcccaagtccg-3’; Cptl1b primers, 5'-aagtgtaggac-
cagccccga-3” and 5'-tgcggactcgttggtacagg-3’

Western blot analysis

Antibodies against ACSL1, HA, and enolase (Santa Cruz Bio-
technology); Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and y-tubulin (Merck, USA); Myc, pAKT, and AKT
(Cell Signaling Technology, USA); and prohibitin (NeoMark-
ers, USA) were used. Bands were visualized using an En-
hanced Chemiluminescence kit (Thermo Fisher Scientific) and
Amersham Imager 680 Blot and Gel Imagers (GE Healthcare
Life Sciences, USA).

Statistical analysis

Statistical analysis of the data was conducted using Prism 8
(GraphPad Software, USA). Student’s t-test and ANOVA were
used to measure the differences between two mean values.
Data were expressed as mean + SEM, and data with a P value
less than 0.05 were denoted as statistically significant.

RESULTS

The N-terminal region of ACSL1 is necessary for docking
of ACSL1 on mitochondria in COS7 cells

When aligning amino acid sequences of ACSL isoforms, the
N-terminal amino acid sequences of each ACSL isoform (for
example, amino acids 1 to 100 of ACSL1) were totally dif-
ferent from those of other isoforms, but the remaining parts
of the isoforms were highly conserved (Fig. 1A). We hypoth-
esized that the N-terminal region of ACSL1 was necessary
for ACSL1 to be located on mitochondria. To confirm this
hypothesis, we generated an expression vector encoding the
N-terminal 100 amino acid-truncated form of ACSL1 (HA-
ACSLTmt) (Fig. 1A). Expressions of the wild type (HA-ACSL-
1Twt) and the mutant form (HA-ACSL1mt) of ACSL1 were
confirmed by western blot analysis after transfection of the
constructs into COS7 cells (Fig. 1B). Their cellular distribu-
tion was detected by immunofluorescent analysis using an
HA antibody. The majority of HA-ACSLTwt (82% of total
HA-ACSL1wt) was co-localized with mitotracker, a mito-
chondria-selective probe, whereas only a small degree of HA-
ACSLTmt (5.2% of total HA-ACSL1mt) was co-localized with
mitotracker (Figs. 1C and 1D). These results suggest that
ACSL1 is located in mitochondria via the N-terminal 100 ami-
no acid region.

ACSL1 adjoins the outer membrane of mitochondria in
C2C12 myotubes

Adenovirus harboring the expression systems for HA-ACSL-
1wt or HA-ACSLTmt were infected into C2C12 myotubes,
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Fig. 1. Structure of ACSLs and the ACSL1 mutant. (A) Sequence comparison of mouse ACSL family members and the N-terminal-deleted
ACSL1 mutant (ACSLTmt). (B) ACSL1 expression was detected by western blot analysis after transfection of pc-HA-ACSL1 wild type (wt)
and pc-HA-ACSL1T mutant (mt) into COS7 cells. (C) Immunofluorescence micrographs after transfection of pc-HA-ACSL1wt or pc-HA-
ACSLTmt in COS7 cells. Scale bars = 10 um. (D) The ratio of mitochondrial co-localized HA-ACSL1 to total HA-ACSL1 was measured. n = 4,

*P <0.05 vs HA-ACSL1wt, by t-test.

and then the cellular distributions were determined. ACSL-
Twt, but not ACSLTmt, was located at mitochondria, which
was confirmed by immunofluorescence and cellular organelle
fractionation (Figs. 2A and 2B). In addition, protease K treat-
ment of the mitochondrial fraction removed the ACSL1wt
western blot bands, indicating that ACSL1 localized to the
outer membranes of mitochondria.

It has been reported that ACSL1 is located at ER as well as
mitochondria in hepatocytes, and overexpressed ACSL1 is
mainly placed on ER (Li et al., 2006). We tested whether the
N-terminal deletion also affects ACSL1 localization on ER in
hepatocytes. Both HA-ACSL1wt and HA-ACSLTmt overex-
pressed by the adeno virus system were located at the ER,
while a little portion of ACSL1wt, but not ACSL1mt, showed
colocalization with mitotracker (Fig. 2C). These results sug-
gest that the N-terminal region of ACSL1 is important for
targeting to mitochondria but not to ER.

ACSL1 interacts with CPT1b on the outer membranes of
mitochondria

Because ACSL1 does not contain the mitochondrial targeting
signal sequence, mitochondrial targeting might be mediated
by interaction with a protein(s) embedded in the mitochon-
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drial outer membrane. We tested whether CPT1b knock-
down affected cellular ACSL1 localization. When CPT1b was
knocked-down by transfection of siRNAs against CPT1b in
C2C12 myotubes, ACSLT was no longer located on mito-
chondria (Fig. 3A). Using the same conditions, the mRNA lev-
els of CPT1b were decreased to ~30% (Fig. 3B). These results
suggested that CPT1b was a major mitochondrial protein
that interacted with ACSL1T in C2C12 myotubes. To confirm
a direct interaction between ACSL1 and CPT1b, co-immuno-
precipitation was performed after transfection of expression
vectors for HA-ACSL1 and Myc-CPT1b into COS7 cells. Myc-
CPT1b co-immunoprecipitated with HA-ACSLTwt but not
with HA-ACSL1mt (Fig. 3C), showing that ACSL1 interacted
with CPT1b, and that this interaction required its N-terminal
region.

ACSL1 plays an important role in palmitate-induced FAO
in myotubes

We have shown that exposure of C2C12 myotubes to high
levels of palmitate increased FAO by an increase in the ex-
pression of FAO-related proteins such as CPT1b and ACSL1
(Koo et al., 2015). In the present study, we tested whether
palmitate treatment affected the expressions of other ACSL
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Fig. 2. Intracellular distribution of wild type ACSL1 (ACSL1wt) and mutant ACSL1 (ACSL1mt) in C2C12 myotubes. (A)
Immunofluorescence micrographic analysis was performed after C2C12 myotubes were infected with Ad-HA-ACSLT1wt or Ad-HA-
ACSLTmt. Scale bars = 10 um. (B) Subcellular fractionation was performed after infection with Ad-HA-ACSL1wt or Ad-HA-ACSL1mt into
C2C12 myotubes. One half of the mitochondrial fraction was treated with protease K. Mitochondrial fractionation was confirmed by
western blotting with antibodies against enolase (cytosol) and prohibitin (mitochondria). (C) Immunofluorescence micrographic analysis
was performed after HepG2 cells were infected with Ad-HA-ACSL1wt or Ad-HA-ACSL1mt. Scale bars = 10 pm.

isoforms in addition to ACSL1 in C2C12 myotubes. We found nificantly increased by palmitate treatment (Fig. 4A). We next
that basal mMRNA levels of ACSL3 and ACSL4 were relatively examined the effect of ACSL1 knockdown on FAQ in C2C12
high in C2C12 myotubes, but only ACSL1 expression was sig- myotubes. ACSL1 and ACSL3 transcripts were decreased
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Fig. 5. ACSL1 overexpression ameliorates palmitate-induced insulin resistance. (A-D) Acyl CoA Synthase activity and FAO were
measured after myotubes were infected with Ad-HA-ACSL1wt, Ad-HA-ACSL1mt or Ad-GFP (control) (100 moi) for 24 h. Viral infection
was compared by detecting green fluorescent protein (GFP) expression, Scale bars = 100 um (A), and expression of HA-ACSL1wt and
HA-ACSLTmt was confirmed by western blotting (B). (C) Acyl-CoA synthase activity was measured, and H,O, production rates were
normalized by the amount of proteins in the cell lysates. Data are expressed as mean £ SEM, n = 3, *P < 0.05 vs Ad-GFP, by ANOVA. (D)
FAO rates were measured. Data are expressed as mean = SEM, n =4, *P < 0.05 vs Ad-GFP, *P < 0.05 vs Ad-ACSL1wt, by ANOVA. (E and
F) C2C12 myotubes were infected with Ad-HA-ACSLTwt, Ad-HA-ACSLTmt, or Ad-GFP (100 moi) for 24 h followed by palmitate (250
umol/L) treatment for another 24 h, then stimulated with or without insulin (100 nmol/L) for 30 min. (E) Western blot analyses were
performed with specific antibodies against pAKT (Ser473), AKT, HA, or y-tubulin. (F) The ratio of pAKT to total AKT in the western blots
was measured. The value of insulin stimulated pAKT/AKT of Ad-GFP-infected without palmitate-treated cells was set to 100, and the
others were expressed as its relative values. Data are expressed as mean + SEM, n = 3, *P < 0.05 vs Ad-GFP with insulin/Veh, *P < 0.05
vs Ad-GFP with insulin/palmitate, by ANOVA. (G and H) C2C12 myotubes were infected with Ad-HA-ACSL1wt, Ad-HA-ACSL1mt, or Ad-
GFP (100 moi) for 24 h, and then intracellular TG (G) and DAG (H) levels were measured. Data are expressed as mean + SEM, n =5 (TG),
n =3 (DAG), *P <0.05 vs Veh, *P < 0.05 vs Ad-GFP/Palmitate, by ANOVA.
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by ~60% after transfection of siRNAs specific to ACSL1 (si-
ACSL1) or ACSL3 (siACSL3) (Fig. 4B). FAO during the basal
state decreased after ACSL1 knockdown. Furthermore, the
palmitate-induced FAO increase disappeared after ACSL1
knockdown. In contrast, ACSL3 knockdown did not affect
FAO, regardless of palmitate treatment (Fig. 4C). These re-
sults suggested that increased ACSL1 expression was import-
ant for palmitate-induced FAO in myotubes.

ACSL1 overexpression increases FAO and ameliorates pal-
mitate-induced insulin resistance in C2C12 myotubes
Although ACSL1 plays a crucial role in linking free fatty
acids to the mitochondrial p-oxidation pathway in various
cell types, ACSL1 overexpression has not been shown to
increase FAO in hepatocytes or adipocytes (Li et al., 2006;
Zhao et al., 2020). We therefore examined whether ACSL1
overexpression affected FAO in C2C12 myotubes. C2C12
myotubes were infected with Ad-ACSL1wt or Ad-ACSLTmt
for 24 h. The degree of virus infection and the amount of
overexpressed ACSLTwt or ACSLTmt proteins were similar
between these two groups (Figs. 5A and 5B). To confirm
whether ACSL1mt retained its enzyme activity, total acyl-CoA
synthase activity of the cell lysate was measured after infec-
tion of Ad-ACSL1wt or Ad-ACSLTmt into C2C12 myotubes.
Acyl-CoA synthase activity was increased by overexpression
of ACSLTmt as well as ACSL1wt, and no difference was ob-
served between ACSLT1wt and ACSL1mt (Fig. 5C). In contrast,
overexpression of ACSLTwt, but not ACSL1mt, increased
FAO (Fig. 5D), suggesting that overexpressed ACSL1 promot-
ed FAQ in myotubes and mitochondrial targeting is important
for ACSL1 to mediate the FAQ increase.

We next tested whether ACSL1 overexpression ame-
liorated insulin resistance induced by palmitate in C2C12
myotubes. Insulin efficiently increased pAKT levels in ACSL-
Twt-overexpressed myotubes even after palmitate treatment.
In contrast, insulin signaling was attenuated by palmitate
in myotubes infected with Ad-GFP or Ad-ACSL1mt (Figs.
5E and 5F). Excess intracellular fatty acids are converted to
deleterious fatty acid-derived lipids such as DAG and cera-
mide. Increase of intracellular DAG activates specific protein
kinase C (PKC) isoforms, PKCO or PKCe, which attenuate the
insulin signaling pathway (Palomer et al., 2018). In contrast,
TG is considered to be harmless because it is not a signaling
lipid (Listenberger et al., 2003). Therefore, we measured the
effects of ACSL1wt or ACSL1mt overexpression on TG and
DAG levels in myotubes exposed to high level of palmitate.
Intracellular TG levels were increased after palmitate treat-
ment, but not affected by overexpression of either ACSL1wt
or ACSLTmt (Fig. 5G). However, ACSL1wt, but not ACSLTmt,
overexpression significantly attenuated the increase of intra-
cellular DAG upon palmitate treatment, which might be due
to the increased FAO by ACSL1wt (Fig. 5H). Ultimately, these
results suggested that increases of FAO by ACSL1 overexpres-
sion prevented palmitate-induced insulin resistance in myo-
tubes.

Taken together, our data showed that ACSL1 was located
on mitochondria through the interaction of its N-terminal
region with CPT1b in myotubes. In addition, overexpression
of ACSL1 increased FAO in myotubes, which provided a pro-
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tective effect on palmitate-induced insulin resistance.

DISCUSSION

Mitochondrial localization of ACSL1 has been reported in var-
jous cell types; however, ACSL1 does not have mitochondrial
targeting sequences. It is therefore possible that ACSL1 tar-
gets to mitochondria through an interaction with a protein(s)
embedded on the outer membrane. In the present study, we
found that ACSL1 was localized to mitochondria through the
direct interaction with CPT1b in C2C12 myotubes, and that
the N-terminal 100 amino acids of ACSL1 were necessary for
this interaction. Five ACSL isoforms (ACSL1, 3, 4, 5, and 6)
have distinct N-terminal domains, with the remaining parts
having substantially conserved amino acid sequences. Our re-
sults suggested that the N-terminal regions of ACSL isoforms
played important roles in determining their intracellular distri-
bution and interactions with other proteins.

A previous study reported that ACSL1 interacted with
several proteins on the mitochondria of hepatocytes and
that CPT1a was one of the interacting proteins (Young et
al., 2018). In contrast, our results showed that CPT1b was
a major mitochondrial protein interacting with ACSL1 in
myotubes, because knockdown of CPT1b removed most
of the mitochondrial targeting of ACSL1 (Fig. 3A). There is
approximately 70% homology between CPT1a and CPT1b,
therefore it will be interesting to compare binding affinities of
ACSL1 with two different CPT1 members. CPT1 on the outer
membrane of mitochondria converts Acyl-CoA to acyl-car-
nitine, which then enters into mitochondria. The interaction
between ACSL1 and CPT1b therefore provides an efficient
trigger of FAO in myotubes.

The effects of ectopic expression of ACSL1 on lipid me-
tabolism have been studied in various cell types and tissues.
ACSL1 overexpression in hepatocytes increases cellular accu-
mulation of TG, but does not affect FAO (Parkes et al., 2006).
It is well-known that ACSL1 is located not only on mitochon-
dria but also on ER in hepatocytes, and overexpressed ACSL1
targets to the ER but not to mitochondria (Li et al., 2006).
In addition, overexpression of ACSL1 in adipocytes increases
fatty acid uptake and synthesis of polyunsaturated fatty acids
without any increase of FAO (Zhan et al., 2012; Zhao et al.,
2020). In contrast, we showed that ACSL1 overexpression in
C2C12 myotubes increased FAO, with localization of overex-
pressed ACSL1 on mitochondria. These results suggested that
targeting of ectopically expressed ACSL1 to mitochondria
was important in increasing FAO.

Our data also showed that palmitate treatment of myo-
tubes increased the expression of ACSL1, without any change
in the expressions of other ACSL members (Fig. 4A), which is
assumed to be compensatory action to overcome lipotoxicity.
It is well-known that overexpression of CPT1b increases FAO
in skeletal myotubes (Sebastian et al., 2009). In addition, we
showed that ectopic expression of ACSL1 ameliorated insulin
resistance induced by palmitate in myotubes. Therefore, the
increase of ACSL1/CPT1b-mediated FAO in skeletal muscles
could ameliorate insulin resistance in obesity and related met-
abolic disorders.
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