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Loss of perilipin 2 in cultured myotubes enhances lipolysis 
and redirects the metabolic energy balance from glucose oxi-
dation towards fatty acid oxidation. J. Lipid Res. 2017. 58: 
2147–2161.
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Energy to drive contraction of skeletal muscle fibers is 
obtained primarily by oxidation of glucose or FAs. Skeletal 
muscle cells store these two energy sources as cytosolic gly-
cogen or triacylglycerol (TAG)-containing lipid droplets 
(LDs), respectively. Incorporation of glucose into glycogen 
and its degradation for energy utilization are relatively more 
understood processes than are storage and metabolism of 
muscular lipids. Aerobic glucose utilization occurs in the 
cytosol catalyzed by the glycolytic enzymes, whereas FAs are 

Abstract  Lipid droplet (LD) coating proteins are essential 
for the formation and stability of intracellular LDs. Plin2 is 
an abundant LD coating protein in skeletal muscle, but its 
importance for muscle function is unclear. We show that 
myotubes established from Plin2/ mice contain reduced 
content of LDs and accumulate less oleic acid (OA) in triac-
ylglycerol (TAG) due to elevated LD hydrolysis in compari-
son with Plin2+/+ myotubes. The reduced ability to store TAG 
in LDs in Plin2/ myotubes is accompanied by a shift in 
energy metabolism. Plin2/ myotubes are characterized by 
increased oxidation of OA, lower glycogen synthesis, and re-
duced glucose oxidation in comparison with Plin2+/+ myo-
tubes, perhaps reflecting competition between FAs and 
glucose as part of the Randle cycle. In accord with these 
metabolic changes, Plin2/ myotubes have elevated expres-
sion of Ppara and Ppargc1a, transcription factors that stimu-
late expression of genes important for FA oxidation, whereas 
genes involved in glucose uptake and oxidation are sup-
pressed. Loss of Plin2 had no impact on insulin-stimulated 
Akt phosphorylation.  Our results suggest that Plin2 is es-
sential for protecting the pool of skeletal muscle LDs to 
avoid an uncontrolled hydrolysis of stored TAG and to bal-
ance skeletal muscle energy metabolism.—Feng, Y. Z., J. 
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mainly utilized through mitochondrial -oxidation. In ad-
dition to hormonal regulation and transcription input of 
these two separate oxidative pathways, competitive and 
feedback interactions among their various substrates and 
products also directs glucose/FA oxidative balance and may 
be mechanistically important for tissue insulin sensitivity 
(1). Likewise, a high content of intramyocellular TAG, sug-
gestive of increased FA availability, is well known to correlate 
with reduced glucose disposal and insulin resistance in some 
individuals (2–6), but this is not absolute. Intramyocellular 
TAG content in endurance-trained individuals, which can 
be higher than in obese insulin-resistant individuals (7), 
does not affect insulin sensitivity or oxidative capacity, a 
phenomenon described as the athlete’s paradox (7–10). In 
addition, despite higher intramyocellular TAG levels, women 
are more insulin sensitive than are men (11). Therefore, 
new concepts have emerged to explain lipid-mediated mus-
cular insulin resistance, which focus on abnormal lipid in-
flux, storage, or build-up of lipid species arising from altered 
TAG lipolysis, rather than lipid content per se (12).
LDs in mammalian cells consist of an inner core of neu-

tral lipids, such as TAGs, diacylglycerols (DAGs), or choles-
teryl esters (CEs), surrounded by a single monolayer of 
phospholipids (PLs) with a protein coat (13, 14). The 
mechanisms for enzymatic degradation of the esterified 
neutral lipids in the LD core into FAs and glycerol in skel-
etal muscle are similar to those of many other tissues and 
involve active translocation of lipases to the LD surface. 
Thus, facilitated recruitment of proteins to the LD surface 
is the major mechanism regulating LD size and turnover. 
Adipose triglyceride lipase (ATGL) mediates the first step 
in TAG degradation (15), generating DAG, which is subse-
quently degraded by hormone-sensitive lipase (HSL) (16), 
followed by monoacylglycerol (MAG) cleavage by MAG li-
pase (17). Still, it is not understood mechanistically how li-
pases are actively recruited to the LD surface in muscle or 
how these enzymes can access the neutral lipids stored in 
the LD core through the protein and PL layer. Accumulat-
ing evidence suggests that perilipin (Plin) family proteins 
are involved [see reviews (8, 14, 18)]. As with other mam-
malian cell types, Plin proteins are among the most abun-
dant LD coating proteins in skeletal muscle cells. The Plins 
derive from an ancient gene family that consists of five Plin 
genes in mammals, some with alternative splice variants 
(18–20). The Plin genes differ in their tissue expression and 
transcriptional regulation, and the encoded proteins differ 
in the number of residues, affinity to LDs, and stability when 
not bound to LDs. The fundamental understanding of Plin 
functions is based on the initial characterization of Plin1 in 
white adipose tissue. Plin1 interactions with lipases and 
their coactivators at the LD surface are differentially regu-
lated by PKA phosphorylation (21) and serve as major regu-
latory steps controlling storage versus degradation of 
neutral lipids stored in the core of adipose LDs (22, 23). 
The other Plins are believed to regulate LD degradation in 
nonadipose tissues. This assumption is supported by the  
observations that removal of Plin1 (22, 23), Plin2 (24), Plin4 
(25), or Plin5 (26) in mice results in reduced LD content  
in tissues where these proteins normally would be highly 

expressed. Overexpression of certain Plins increases the 
relative LD accumulation of specific neutral lipid species as 
opposed to others, which suggests diversity of Plin function 
(27).
Plin2 is an abundant LD coating protein in skeletal mus-

cle where the majority of the LDs are covered by Plin2 (28). 
Interventions that increase muscle insulin sensitivity might 
be accompanied with an increase in Plin2 protein expres-
sion (29), suggesting that Plin2 might play a role in de-
creasing intramuscular lipid toxicity by promoting lipid 
storage. On the other hand, comparable muscular Plin2 
protein content has been observed when comparing obese 
nondiabetic and obese diabetic subjects (30). To clarify the 
functional role of Plin2 in skeletal muscle, we established 
myoblast cultures from Plin2+/+ and Plin2/ mice, differ-
entiated these into myotubes, and compared myocellular 
lipid storage and energy metabolism. We observed en-
hanced lipolysis, reduced levels of TAG-containing LDs, 
and altered lipid and glucose oxidation rates in myotubes 
lacking Plin2 at the LD surface. Plin2/ myotubes show a 
shift in metabolic energy utilization toward FA oxidation, 
consistent with suppression of glucose oxidation within the 
parameters of the Randle cycle. Our results suggest that 
Plin2 balances energy utilization of glucose and FAs by sta-
bilizing and packaging excess FAs in LD stores.

MATERIALS AND METHODS

Materials
DMEM (DMEM-Glutamax™, 5.5 mM glucose) with sodium py-

ruvate, DMEM without phenol red, Ham’s F-10-Glutamax™ nutri-
ent mixture (5.5 mM glucose), horse serum, heat-inactivated FBS, 
basic fibroblast growth factor, collagenase II, penicillin-streptomy-
cin, and amphotericin B, Bodipy 493/503, Hoechst 33258, 
Hoechst 33342, ABI 6100 Nucleic Acid Prep-Station solutions, 
and Superscript III RT were from Thermo Fisher Scientific 
(Waltham, MA). Matrigel was purchased from BD Biosciences 
(Bedford, MA). Insulin (Actrapid®) was obtained from Novo Nor-
disk (Bagsvaerd, Denmark). BSA (essentially FA free), L-carni-
tine, Dulbecco’s PBS (DPBS, with Mg2+ and Ca2+), oleic acid (OA; 
18:1, n-9), and glycogen were from Sigma-Aldrich (St. Louis, 
MO). [1-14C]oleic acid (58.2 mCi/mmol) and D-[14C-(U)]glucose 
(2.9 mCi/mmol) were from PerkinElmer NEN® (Boston, MA). 
Liberase Blendzyme 3 (0.038 WU/ml) and Complete Protease 
Inhibitor Cocktail were from Roche (Basel, Switzerland). Culture 
plates and flasks were from Corning (Corning, NY). Glass-bottom 
six-well plates were from MatTek (Ashland, MA). Ninety six-well 
Scintiplate®, UniFilter® micro plate, Isoplate® scintillation plate, 
and OptiPhase Supermix were obtained from PerkinElmer (Shelton, 
CT). Ultracentrifugation tubes were from Beckman Coulter Inc. 
(#344062; Brea, CA). TLC plates (Silica gel 60) were from Merck 
Millipore (Billerica, MA). Atglistatin was from Xcess Biosciences 
(San Diego, CA). CAY10499 was from Cayman Chemical (Ann 
Arbor, MI). TG PAP 150-kit (#61236) was obtained from BioMerieux 
(Marcy l’Etoile, France). SYBR Master Mix was from Kapa Biosys-
tems (Wilmington, MA). Criterion or Mini-Protean® TGX™ gels 
(4–20%), Clarity™ Western ECL Substrate, and the goat anti-rabbit 
HRP-conjugated (HRP) secondary antibody #1706515 were pur-
chased from Bio-Rad (Copenhagen, Denmark). Pierce™ BCA pro-
tein assay kit was from Thermo Fisher Scientific (Rockford, IL). 
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Antibodies against total thymoma viral proto-oncogene/AKT 
serine/threonine kinase (Akt) (#9272, rabbit polyclonal anti-
body), phosphorylated Akt (pSer473, #9271, rabbit polyclonal 
antibody), Slc2a1/Glut1 (#12938, rabbit monoclonal antibody), 
Pkm (#3106, rabbit monoclonal antibody), Pdha1 (#3205, rabbit 
monoclonal antibody), and -actin (#4970, rabbit monoclonal an-
tibody) were from Cell Signaling Technology (Beverley, MA). An-
tibody against Pdha1-p300 (#ABS194, rabbit polyclonal antibody) 
was from Millipore. Antibodies against muscle-associated glycogen 
phosphorylase (Pygm) (#ab81901, rabbit polyclonal antibody) 
and Pdk4 (#214938, rabbit monoclonal antibody) were from  
Abcam (Cambridge, UK). Antibody against Gapdh (#sc-25778, 
rabbit polyclonal antibody) was obtained from Santa Cruz Bio-
technology (Dallas, TX). The goat anti-rabbit HRP-conjugated sec-
ondary antibody #111-035-144 was from Jackson ImmunoResearch 
(Suffolk, UK). All chemicals used were of standard commercial 
high-purity quality.

Generation of the Plin2 null mice
A BAC clone containing the Plin2 genetic locus (AB2.2 ES cells, 

strain 129S7/SvEvBrd-Hprtb-m2, clone #bMQ-28H12) was modi-
fied with recombineering to generate a floxed Plin2 targeting vec-
tor. Because the Plin2 protein is rapidly degraded in the absence 
of LD targeting (31), LoxP sites were inserted in intron 3 and in-
tron 6 of the Plin2 gene to flank exon sequences that are essential 
for targeting of the Plin2 protein to LD surfaces. With this design, 
any potential truncated Plin2 protein sequence translated from 
the genetically modified gene would be expected to untarget 
from LDs and be rapidly degraded. The specific details for gen-
eration of the targeting vector will be published elsewhere (Y.K.L., 
K.T.D., and A.R.K., unpublished observations). Standard homolo-
gous recombination in 129/SvJEv embryonic stem (ES) cells was 
used to target the Plin2 gene. Resulting chimeric mice were bred 
with C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) for 
germline transmission. The resulting Plin2 floxed line on a mixed 
B6.129/Sv background was subsequently crossed with mice ex-
pressing MMTV-Cre recombinase (Jackson Laboratory) to gener-
ate Plin2 null mice (Plin2/). The floxed Plin2 mice were 
generated in compliance with the guidelines given by the Animal 
Care and Use Committee of the National Institutes of Health un-
der a Division of Intramural Research, National Institute of Diabe-
tes and Digestive and Kidney Diseases, under approved animal 
study protocol K039-LCDB.

Animal experiments
Plin2+/+ and Plin2/ mice were housed in a temperature-con-

trolled (22°C) facility with a strict 12-h light/dark cycle. Male 
mice backcrossed for 10 generations into C57BL/6N (Janvier 
Labs, Le Genest-Saint-Isle, France) were given standard chow 
(#RM3-801190, SDS diets, consisting of 12% calories from fat, 
27% from protein, and 61% from carbohydrate) until 12 weeks of 
age. Mice were euthanized by cervical dislocation at 8:00 to 10:00 
AM, and tissues were snap-frozen in liquid nitrogen and stored at 
80°C until further analysis. All animal use was approved and reg-
istered by the Norwegian Animal Research Authority (NARA, under 
animal study protocols FOTS IDs: #6305 and #6922) and conformed 
to the guidelines from Directive 2010/63/EU of the European Par-
liament on the protection of animals used for scientific purposes.

Isolation of satellite cells
Female siblings (14 weeks) backcrossed into C57BL/6N for six 

generations were used for primary satellite cell isolation from the 
hind leg containing musulus gastrocnemius and musculus soleus. 
Primary muscle satellite cells (myoblasts) were isolated and puri-
fied, as has been previously described (32). Briefly, the muscle 

tissue was incubated with 2% collagenase II at 37°C for 90 min to 
enzymatically dissociate the cells. Satellite cells were liberated by 
further digestion with Blendzyme at 37°C for 30 min. To enrich 
myoblasts, we split the cell population in DPBS with no trypsin or 
EDTA. Further enrichment of myoblasts was obtained by preplat-
ing for 15 min on collagen-coated flasks. This tends to leave be-
hind cells that stick quickly, which are predominantly fibroblasts. 
Fibroblasts tend to be very flat when grown on collagen, whereas 
myoblasts are more compact and smaller in diameter. In addition, 
the F-10-based primary myoblast growth medium gives myoblasts 
a growth advantage over fibroblasts. Plin2+/+ and Plin2/ myo-
tube cultures were considered established when fibroblasts were 
no longer visible in the cultures.

Cell culture and stimulation of myotubes
Purified myoblasts were proliferated on standard plasticware 

coated with collagen (0.01%). To enhance myotube formation, 
Matrigel (diluted 1:50 in DMEM) was used as coating when myo-
blasts were seeded to differentiate into myotubes. Mouse myo-
blasts were grown to subconfluence in DMEM/Ham’s F-10 (1:1, 
5.5 mM glucose) supplemented with 20% FBS, 5 ng/ml basic fi-
broblast growth factor, 25 IU penicillin, 25 µg/ml streptomycin, 
and 1.25 g/ml amphotericin B at 37°C in 5% CO2. At 80% 
confluence, growth medium was replaced by DMEM supple-
mented with 2% horse serum and antibiotics to induce fusion of 
myoblasts into multinucleated myotubes. Unless otherwise 
stated, cells differentiated for 4 days were used in experiments.
OA was bound to FA-free BSA with an OA:BSA ratio of 2.5:1 in 

all experiments (further referred to as OA). Control myotubes 
and OA-stimulated myotubes received the same concentration of 
BSA. The lipase inhibitors (Atglistatin and CAY10499) were solved 
in DMSO and diluted in medium to a final concentration of 0.1% 
DMSO. Control myotubes and lipase inhibitor-stimulated myo-
tubes received the same concentration of DMSO.
To measure insulin response, we incubated myotubes differen-

tiated for 3 days in medium containing OA (100 M) for 24 h. 
Myotubes were subsequently incubated with glucose-free DMEM 
medium for 2 h in the presence of OA (100 M), followed by  
15-min incubation in DMEM (5.5 mM glucose) in the presence or 
absence of insulin (100 nM). Myotubes from two wells (six-well 
plate) were pooled in RIPA buffer, supplemented with Complete 
Protease Inhibitor cocktail, and stored at 80°C until further 
analysis. Protein content in cell extracts was measured by Pierce™ 
BCA protein assay kit.

Immunoblotting
Cell extracts were sonicated briefly, as has been described pre-

viously (33). Proteins (15 g) were mixed with Laemmli buffer 
and separated on a 4%–20% Criterion or Mini-Protean® TGX™ 
gels, followed by blotting to nitrocellulose or PVDF membranes. 
Membranes were immunoblotted with the following antibodies: 
rabbit anti-mouse Plin2 [(31); #N510; 3 µg/ml], rabbit anti-
mouse Plin3 [(34); 10 µg/ml], rabbit anti-mouse Plin4 and rabbit 
anti-mouse Plin5 [(33); 10 µg/ml], rabbit anti-human glucose 
transporter 1 (Slc2a1/Glut1, 1:1,000), rabbit anti-human pyruvate 
kinase (Pkm, 1:1,000), rabbit anti-human Pygm (1:1,000), rabbit 
anti-mouse pyruvate dehydrogenase kinase 4 (Pdk4, 1:1,000), rab-
bit anti-human muscle pyruvate dehydrogenase  1 (Pdha1, 
1:1,000), rabbit anti-human phosphorylated muscle pyruvate de-
hydrogenase  1 (Pdha1-p300, 1:1,000), total Akt kinase (detects 
isoforms Akt1-3, 1:1,000), Ser473-phosphorylated Akt (1:1,000), 
GAPDH (Gapdh, 1:500), and -actin (1:1,000), followed by HRP-
labeled secondary antibodies (1:10,000). Immunoreactive bands 
were detected with Clarity™ Western ECL Substrate, visualized 
with ECL using Chemidoc XRS (Bio-Rad), and quantified with 
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Image Lab software (version 4.0). The -actin signal was used to 
normalize for protein loading.

Preparation and analysis of RNA
Cells were lysed in Nucleic Acid Purification Lysis Solution:PBS 

(1:1) and frozen at 80°C before isolation. Total RNA from cell 
extracts was isolated on a ABI 6100 Nucleic Acid Prep-Station with 
the preprogrammed “RNA-Cell method.” RNA quality and quan-
tity were determined with NanoDrop ND-1000 Spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA). Reverse transcription 
quantitative real-time PCR (RT-qPCR) was performed in two steps. 
First, total RNA (20 ng/µl) was reverse-transcribed into single-
stranded complementary DNA with random hexamers and Super-
script III RT (50°C for 60 min and 72°C for 15 min). Next, 
gene-specific regions (70–120 bp) were amplified from comple-
mentary DNA (10 ng) with assay primers (100 nM each) and KAPA 
SYBR Fast Master Mix (10-l reaction, 95°C for 3 min, followed by 
40 cycles; 95°C for 10 s and 60°C for 20 s) on the ABI 7900HT in-
strument (Applied Biosystems, Thermo Fisher Scientific, Waltham, 
MA). Assay primers (Tm = 60) were designed with Primer-BLAST 
software (35). All assay primer pairs were designed to bind to adja-
cent exons spanned by a large intron with amplicon sizes ranging 
from 70 to 110 nt. Primers used are listed in Table 1. Data were 
analyzed with relative quantification (Cq method). Results are 
presented as gene expression in relation to endogenous control 
(2Cq). TATA-box binding protein (Tbp) mRNA was verified to 
not differ in expression among groups or treatments and was used 
as endogenous control in all experiments.

Microscopy
Myoblasts seeded on Matrigel-coated six-well glass-bottom 

dishes were differentiated into myotubes for 3 days before switch-
ing to media supplemented with OA (100 µM) for 24 h. For live 
imaging, LDs were stained by incubating myotubes with Bodipy 
493/503 (2 g/ml) for 10 min, followed by nuclei staining with 
Hoechst 33258 (2.5 g/ml) for 15 min. Live images were ran-
domly taken in 25 positions per well with a ×20 objective on an 

Olympus IX81 inverted fluorescence Scan^R platform (Olympus 
Corporation, Tokyo, Japan), as has been previously described 
(36). After gating out aggregates and dead cells, each parameter 
was determined from an average 150 images per donor group (aver-
age of 96 ± 25 nuclei per image). For confocal pictures, myotubes 
were fixated for 1 h with 4% PFA in 100 mM of phosphate buffer 
(pH 7.4), washed and stained with Bodipy 493/503 (1 M)  
and Hoechst 33342 (5 M) for 20 min. Pictures were taken  
with a ×40 objective on a LSM 710 confocal microscope (Zeiss, 
Oberkochen, Germany).

FA accumulation and lipolysis assay
Accumulation (real-time uptake) and lipolysis (efflux) of FA 

were measured with scintillation proximity assay, as has been pre-
viously described (37). In this method, the radiolabeled substrates 
taken up will accumulate in the adherent cells and become con-
centrated close to the scintillator embedded in the plastic bottom 
of each well and provide a stronger radioactive signal than would 
the radiolabel dissolved in the medium alone. Cells were seeded 
and differentiated for 3 days in 96-well Scintiplate® coated with 
Matrigel. To determine OA uptake and accumulation, we gave 
myotubes fresh medium comprising DMEM without phenol red, 
supplemented with [1-14C]OA (0.5 µCi/ml) and unlabeled OA 
(final OA concentration 100 or 400 M) in the presence of DMSO 
(0.1%) or the ATGL inhibitor Atglistatin [10 µM (38)]. Lipid ac-
cumulation was monitored regularly for the next 24 h on a 2450 
MicroBeta2 scintillation counter (PerkinElmer, Shelton, CT). 
Thereafter, to measure FA efflux (lipolysis), the labeled myotubes 
were washed twice with PBS containing 0.5% BSA before the myo-
tubes were incubated in DPBS supplemented with 10 mM HEPES, 
0.5% BSA, and 100 µM glucose. The decline in accumulated 
[1-14C]OA was measured at 0, 2, 4, and 6 h.

Glucose and FA substrate oxidation assays
Cells were seeded and differentiated in 96-well plates coated 

with Matrigel solution and subjected to substrate oxidation assay, 
as has been described previously (37). To measure FA oxidation 

TABLE  1.  Primers used for RT-qPCR in this study

Gene Forward Primer Reverse Primer Amplicon Size

Acadl CGGAAGCTGCATAAGATGGGA AGCTGGCAATCGGACATCTT 75
Acadm TGGATTCATTGTGGAAGCCGA CCTCTGGTGTCAGAGCATCG 87
Acadvl GCATTTGGCCTGCAAGTACC AATCTCTGCCAAGCGAGCAT 78
Acox1 AATCTGGAGATCACGGGCACTT GTCTTGGGGTCATATGTGGCAG 95
Cd36 AGGCATTCTCATGCCAGTCG TGTACACAGTGGTGCCTGTT 119
Cpt2 TATGATGGCTGAGTGCTCCAA CCGTAGAGCAAACAAGTGTCG 91
Fabp3 GGACAGCAAGAATTTTGATGACTAC TTGGTCATGCTAGCCACCTG 78
Gys1 TTGGGGTCTTCCCCTCCTAC GTGGAGATGCTGGGGATGC 82
Hk1 GGACCACAGTTGGCGTAGA CTCAGGGTCTTGTGGAACCG 76
Hk2 CTTCCCTTGCCAGCAGAACA TGACCACATCTTCACCCTCG 95
Pdha1 CGTGGTTTCTGTCACTTGTGTG CGTAGGGTTTATGCCAGCCT 72
Pdk4 AAGATGCTCTGCGACCAGTA CAATGTGGATTGGTTGGCCTG 91
Pkm GAAACAGCCAAGGGGGACTAC CACAAGCTCTTCAAACAGCAGAC 108
Plin2 (exon4-5) GGGCTAGACAGGATGGAGGA CACATCCTTCGCCCCAGTTA 99
Plin2 (exon7-8) GTGGAAGAGAAGCATCGGCT GGCGATAGCCAGAGTACGTG 82
Plin3 CGAAGCTCAAGCTGCTATGG TCACCATCCCATACGTGGAAC 98
Plin4 ACCAACTCACAGATGGCAGG AGGCATCTTCACTGCTGGTC 109
Plin5 GGTGAAGACACCACCCTAGC CCACCACTCGATTCACCACA 115
Ppara ACTACGGAGTTCACGCATGT GTCGTACACCAGCTTCAGCC 74
Pparg TTGCTGTGGGGATGTCTCAC AACAGCTTCTCCTTCTCGGC 70
Ppard ACATGGAATGTCGGGTGTGC CGAGCTTCATGCGGATTGTC 108
Ppargc1a AGTCCCATACACAACCGCAG CCCTTGGGGTCATTTGGTGA 94
Pygm GAGTGGAGGACGTGGAAAGG CCGAAGCTCAGGAATTCGGT 77
Slc2a1 CTCGGATCACTGCAGTTCGG CGTAGCGGTGGTTCCATGTT 97
Slc2a4 CGACGGACACTCCATCTGTT ACATAGCTCATGGCTGGAACC 104
Tbp AGCCTTCCACCTTATGCTCAG GCCGTAAGGCATCATTGGACT 90
Ucp2 TTGGCCTCTACGACTCTGTCA CAGGGCACCTGTGGTGCTA 98
Ucp3 CTACAGAACCATCGCCAGGGA GTCGTAGGTCACCATCTCAGCA 109
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from prelabeled intracellular lipid pools, we incubated myotubes 
with [1-14C]OA (0.5 µCi/ml) and unlabeled OA (final OA con-
centration, 100 or 400 M) for 24 h, combined with various treat-
ments (0.1% DMSO, 10 M CAY10499 or 10 M Atglistatin). 
Myotubes were then washed twice with PBS containing 0.5% BSA 
and given DPBS media supplemented with 10 mM HEPES, 10 µM 
BSA, and 1 mM L-carnitine to capture CO2. To measure glucose 
oxidation, we gave myotubes D-[14C(U)]glucose (0.58 µCi/ml) 
and unlabeled glucose (final glucose concentration 200 µM) di-
rectly in the CO2-capturing media (DPBS supplemented with 10 mM 
HEPES, 10 µM BSA, and 1 mM L-carnitine). A 96-well UniFilter® 
microplate, activated for capture of CO2 by the addition of 1 M 
NaOH, was subsequently mounted on top of the 96-well plate, and 
the sandwich was incubated at 37°C for 4 h. [14C]CO2 captured in 
the filter was counted by liquid scintillation on a 2450 MicroBeta2 
scintillation counter (PerkinElmer, Shelton, CT) as a measure of 
produced CO2. After CO2 capturing, myotubes were washed with 
PBS and lysed with 0.1 M NaOH before cell-associated radioactiv-
ity (accumulated substrate) was determined by liquid scintillation. 
Acid-soluble metabolites (ASMs) in the media were measured, as 
has been previously described (36). ASMs consist of -oxidation 
and tricarboxylic acid cycle metabolites and reflect incomplete FA 
or glucose oxidation in the mitochondria.

Lipid droplet isolation
Cells from six 10-cm petri dishes were stimulated with 200 M 

of OA for 24 h, washed twice with cold PBS, harvested in suspen-
sion buffer (25 mM tricine pH 7.8, 8.6% sucrose, and Complete 
Protease Inhibitor cocktail), mixed gently, and frozen at 80°C. 
To disrupt cells, samples were thawed slowly in ice-water slurry for 
30 min and transferred to a precooled N2 cell- disruption vessel 
(#4639, Parr Instrument Co., Moline, IL). Samples were exposed 
to 600 psi N2 for 20 min, then released slowly (dropwise) into a 
15-ml tube. The disrupted cell lysate was subsequently centrifuged 
for 10 min at 3,000 g at 4°C to remove nuclei and undisrupted cell 
debris. The suspension containing LDs was adjusted to 2 ml 
and transferred to the bottom of an ultracentrifugation tube, 
followed by a second layer consisting of 1.8 ml of wash buffer (20 mM 
HEPES pH 7.4, 100 mM KCl, 2 mM MgCl2, and 4% sucrose [w/v]), 
and a top layer of 0.4 ml of collection buffer (20 mM HEPES pH 
7.4, 100 mM KCl, and 2 mM MgCl2). Tubes were balanced and 
centrifuged for 60 min in a SW60Ti rotor at 200,000 g at 4°C in a 
XL-90 Ultracentrifuge (Beckman Coulter Inc.). The top layer 
(0.4 ml) was isolated with a tube slicer prior to the collection of 
floating LDs.

Lipid composition of isolated LDs
Isolated LDs were mixed with ×2 volume of chloroform: 

heptane:methanol (4:3:2, v/v/v) and lipids extracted by thor-
oughly mixing for 1–2 min prior to centrifugation for 5 min at 
2,000 g. The lower organic phase was carefully transferred into a 
glass tube and evaporated under N2 before lipids were dissolved 
in chloroform:methanol (2:1, v/v). TAG content in samples was de-
termined with TG PAP 150 kit, adjusted to 250 ng TAG/µl, and 
stored at 20°C under argon. The TLC plate was fully developed in 
methanol:ethyl acetate (6:4, v/v) to remove impurities, then dried 
for 6–8 min at 40°C. Lipid samples (1 µg TAG) and lipid standard 
mix (equal weights of TAG, DAG, MAG, PL, FFA, CE, and free cho-
lesterol) were spotted on the plate and air-dried briefly, and the 
plate was developed in heptane:diethyl ether:acetic acid (55:45:1, 
v/v/v). The plate was subsequently dried for 10 min at 40°C and 
developed with copper sulfate staining (39) by exposing the plate to 
a developing reagent consisting of 10% CuSO4 × 5H2O (w/v) and 
8% H3PO4 in H2O (v/v) for 40 s. Excess solution was removed by 
decanting, and the back of the plate was cleaned with tissue paper. 

The plate was subsequently air-dried briefly, placed on a heating 
plate for 10 min at 60°C, and then for 10 min at 150°C. After being 
cooled down, the plate was scanned with an Epson Perfection V700 
image scanner (Seiko Epson Corporation, Nagano, Japan).

Lipid distribution in cells
Myotubes were incubated with [1-14C]OA (0.5 µCi/ml) and un-

labeled OA (final OA concentration 100 or 400 M) for 24 h. The 
myotubes were washed twice with PBS and harvested with two ad-
ditions of 125 l dH2O. Cellular lipid distribution was analyzed 
as has been previously described (40). Briefly, homogenized 
cell fractions were extracted, lipids were separated by TLC with 
hexane:diethyl ether:acetic acid (65:35:1, v/v/v) as developing 
solvent, and radioactivity in excised bands was quantified by liquid 
scintillation (Packard TriCarb 1600, PerkinElmer, Shelton, CT).

Triacylglycerol measurements
Myotubes were incubated with OA alone (100 µM) or in the 

presence of Atglistatin (10 µM) for 24 h. Thereafter, the myo-
tubes were washed with PBS and harvested in PBS or RIPA buffer 
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, and 2 mM EDTA). Measurement of cel-
lular TAG was performed with the TG PAP 150 kit according to 
the supplier’s protocol.

Glycogen synthesis
Myotubes were incubated in DMEM without glucose, supple-

mented with D-[14C(U)]glucose (0.5 Ci/ml), unlabeled glucose 
(final glucose concentration 1 mM), pyruvate (1 mM), and BSA 
(10 µM) in the presence or absence of insulin (100 nM) for 3 h to 
measure glycogen synthesis. The myotubes were washed twice 
with PBS and harvested in KOH (1 M). After protein measure-
ments, glycogen (final concentration 20 mg/ml) and more KOH 
(final concentration 4 M) were added to the samples. Thereafter, 
D-[14C(U)]glucose incorporated into glycogen was measured as 
has been previously described (36).

Statistical methods
Values are presented as means ± SEM unless stated otherwise. 

The value n represents the number of experiments performed 
with at least duplicate samples. Two-tailed unpaired t tests were 
performed to determine the difference between groups (Plin2+/+ 
and Plin2/) with GraphPad Prism 5.0 Software (GraphPad Soft-
ware Inc., San Diego, CA), whereas two-tailed paired t tests were 
performed to determine effects of treatments. Linear mixed-
model analysis (SPSS 20.0.0.1, IBM SPSS Inc., Chicago, IL) was 
used to compare Plin2+/+ and Plin2/ myotubes in the time-
course FA accumulation and lipolysis experiments (scintillation 
proximity assay). P < 0.05 was considered statistically significant.

RESULTS

Establishment of myotube cultures lacking Plin2
To investigate the functional role of Plin2 in myotubes, 

we first generated mice with homozygous disruption of the 
Plin2 gene by deleting exons 4, 5, and 6 that are essential 
for functional targeting of Plin2 to LD surfaces. A thorough 
phenotypic characterization of Plin2/ mice will be pub-
lished elsewhere (Y.K.L., K.T.D., and A.R.K, unpublished 
observations). Hind legs from female Plin2+/+ and Plin2/ 
littermates, backcrossed into C57BL/6N for six generations, 
were used to isolate primary muscle satellite cells and estab-
lish Plin2+/+ and Plin2/ myoblast cultures. The Plin2+/+ 
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Fig.  1.  Expression of Plins in muscle and established Plin2+/+ and Plin2/ myotubes and myoblasts. Primary muscle satellite cells (myo-
blasts) were isolated from the hind leg of Plin2+/+ and Plin2/ mice. A: Established Plin2+/+ and Plin2/ myoblast cultures differentiated 
equally well into multinucleated myotubes. B: Expression of Pax7 mRNA in relation to the expression of TATA-box binding protein (Tbp) 
determined by RT-qPCR. The results are presented normalized to the expression levels in undifferentiated myoblasts. C: RT-qPCR with prim-
ers amplifying across the Plin2 exon 4–5 junction and the Plin2 exon 7–8 junction in relation to the expression of Tbp and normalized to the 
expression levels in Plin2+/+ myotubes, confirmed the absence of exon 4-6 Plin2 mRNA sequences in Plin2/ myotubes. D: Expression of 
Plin2, Plin3, Plin4, and Plin5 mRNAs determined by RT-qPCR in relation to the expression of Tbp. Results in B–D are presented as means ± 
SEM (n = 3–6, *P < 0.05 and **P < 0.01 vs. Plin2+/+ myotubes, #P < 0.05 vs. myoblasts). E: Expression of Plin2 and Plin3 proteins in myoblasts 
(day 0) and differentiated myotubes (day 4). The membrane contains samples from three independent experiments (n = 3). F: Relative 
mRNA expression of Plin2, Plin3, Plin4, and Plin5 in extensor digitorum longus of chow-fed 12-week-old Plin2+/+ and Plin2/ male mice. G: 
Relative mRNA expression of Plin2, Plin3, Plin4, and Plin5 in soleus. Gene expression levels in F and G were determined by RT-qPCR and are 
presented in relation to the expression of Tbp as means ± SEM (n = 9 in each group). Edl, extensor digitorum longus; Pax7, paired box 7.Q12

and Plin2/ myoblast populations differentiated equally 
well into myotubes on the basis of the presence of multi-
nuclear fiber-like cells, observed by microscopic inspection 
(Fig. 1A) and by the comparable reduction in mRNA ex-
pression of the nonmyotube satellite cell marker paired 
box 7 (Pax7) (Fig. 1B). The structural Plin2 gene differ-
ences in the Plin2+/+ and Plin2/ myotubes were validated 
by RT-qPCR. Primers that recognize sequences within de-
leted exons 4 to 5 failed to amplify mRNA target sequences 
from Plin2/ myotubes (Fig. 1C), confirming that these 
myotubes lack functional full-length Plin2 mRNA. Primers 
amplifying across the retained exon 7 to 8 junction showed 
lower expression of the truncated Plin2/ mRNA (15%) 
compared with wild-type Plin2 mRNA (Fig. 1C). We next 
determined whether ablation of Plin2 was compensated for 
by increased expression of other Plin genes in myotubes. 
Plin3 mRNA expression was slightly (40%) reduced, Plin4 

mRNA was unchanged, whereas Plin5 mRNA expression 
was increased (5-fold) in Plin2/ compared with Plin2+/+ 
myotubes (Fig. 1D). Judged by mRNA levels in relation to 
Tbp, Plin4 and Plin5 mRNAs in the cultured myotubes were 
considerably lower (<1%) than Plin2 and Plin3 mRNAs in 
cultured wild-type myotubes.
Next, we analyzed Plin protein content. Plin2 immuno-

signals with an expected molecular mass of 50 kDa were 
observed in Plin2+/+ myoblasts and myotubes (Fig. 1E), 
whereas the signal was absent in Plin2/ myotubes, which 
confirms correct genetic ablation of the Plin2 gene. We ob-
served a significant decline in Plin2 protein levels when 
Plin2+/+ myoblasts were differentiated into myotubes, 
whereas Plin3 protein content was essentially unchanged 
by differentiation, regardless of genotype (Fig. 1E). Less 
distinct protein bands were observed for the very weakly 
transcribed Plin4 and Plin5 (results not shown). Hence, 
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the lack of Plin2 in cultured Plin2/ myotubes was not 
compensated for by elevated mRNA expression or accumu-
lation of other Plin proteins.
We also examined mRNA levels of Plins in extensor digi-

torum longus and soleus muscle fibers dissected from 
chow-fed Plin2+/+ and Plin2/ mice. Disruption of Plin2 
did not alter expression of other Plin mRNAs (Fig. 1F, G). 
Furthermore, Plin2 and Plin3 mRNA levels were similar in 
myotubes and the two muscle fibers, whereas the expres-
sion of Plin4 and Plin5 mRNAs was more elevated in the 
muscle fibers than in the cultured myotubes. Thus, the 
Plin2+/+ and Plin2/ myotube cultures represent an im-
portant parallel model to analyze Plin2 function for muscle 
metabolism, allowing for defined biochemical benchmark-
ings that are not readily accessible in situ.

Reduced accumulation of lipids in the absence of Plin2
OA is easily taken up by cells and esterified into TAG that 

is incorporated into LDs, and thus, incubation with OA is 
an efficient strategy to promote LD formation and monitor 
relative intracellular lipid storage. Plin2+/+ myotubes cul-
tured with 100 µM OA for 24 h increased Plin2 mRNA and 
protein content considerably compared with cells cultured 
with BSA (Fig. 2A, B) but had no effect on mRNA (results 
not shown) and protein expression of Plin3 (Fig. 2B). To 
determine whether removal of a functional Plin2 in myo-
tubes affected the ability to store lipids, we incubated 

Plin2+/+ and Plin2/ myotubes with 100 µM OA for 24 h 
before LDs were stained with Bodipy 493/503 (green) and 
nuclei stained with Hoechst 33258 (blue). A marked reduc-
tion in accumulated LDs was observed in Plin2/ com-
pared with Plin2+/+ myotubes (Fig. 2C). There were fewer 
quantified LDs per nucleus, observed under a ×20 objective, 
in Plin2/ than in Plin2+/+ myotubes (Fig. 2D). Because 
smaller LDs are not necessarily labeled and recognized with 
automatic quantification, we also determined lipid distribu-
tion after incubation with [1-14C]OA for 24 h. Plin2/ myo-
tubes incorporated less OA into TAG (Fig. 2E) and DAG 
(Fig. 2F) and contained lower levels of FFAs (Fig. 2G) than 
did Plin2+/+ myotubes. Incorporation into phospholipids 
(Fig. 2H) and cholesteryl esters (results not shown) was un-
affected by removal of Plin2. These observations demon-
strate that Plin2/ myotubes exposed to FAs store reduced 
levels of LDs compared with Plin2+/+ myotubes.

Absence of Plin2 reduced accumulation of lipids by 
increasing lipolysis
To mechanistically determine why myotubes lacking Plin2 

accumulated less TAG-containing LDs, we followed OA ac-
cumulation in the myotubes for 24 h. During the first 4 h, 
Plin2+/+ and Plin2/ myotubes accumulated similar levels of 
[1-14C]OA, but total accumulation after 24 h was lower in 
Plin2/ myotubes incubated with 100 M OA (Fig. 3A,  
P < 0.05) or 400 M OA (Fig. 3B, P = 0.06) than in Plin2+/+ 

Fig.  2.  Lipid storage and distribution in Plin2+/+ and Plin2/ myotubes. A–D: Myotubes were incubated for 24 h with BSA (40 µM) or OA 
(100 or 400 µM OA). A: Relative expression of Plin2 mRNA determined by RT-qPCR normalized to the expression of TATA-box binding 
protein (Tbp). Results are presented as means ± SEM (n = 3, #P < 0.05 vs. BSA). B: Expression of Plin2 and Plin3 proteins in myotubes. C: 
Lipid droplets (LDs) in Plin2+/+ and Plin2/ myotubes were labeled with fluorescent dyes sequestering in neutral LDs (Bodipy 493/503, 
green) or nuclei (Hoechst 33342, blue). Representative confocal images are presented (×40 objective; inserted bars are 20 µm). D: Another 
set of images were acquired with a ×20 objective with an Olympus IX81 fluorescence microscope. Images were analyzed by Scan^R analytical 
software by comparing the number of stained LDs in relation to the number of nuclei per image, with an average total of 150 images per 
parameter. Results are presented as means ± SEM (n = 3, *P < 0.05 vs. Plin2 +/+). E–H: Myotubes were preincubated for 24 h with [1-14C]OA 
to label accumulated lipids. The content of radiolabeled TAG (E), DAG (F), FFA (G), and PL (H) in myotubes was determined by TLC and 
related to cellular protein content. The results are presented as means ± SEM (n = 6, *P < 0.05, **P < 0.01 vs. Plin2+/+).
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Fig.  3.  Accumulation of oleic acid in Plin2+/+ and Plin2/ myotubes. Myotubes were incubated with [1-14C]OA (100 or 400 µM) and ac-
cumulation over 24 h was determined with scintillation proximity assay. Accumulation was determined in presence of DMSO (0.1%) (A, B) 
or in presence of the adipose triglyceride lipase inhibitor (Atglistatin, 10 µM) (C, D). The results are presented as means ± SEM (n = 3, 
*P < 0.05 vs. Plin2+/+ across all points in time). E: The effect of Atglistatin on accumulation of [1-14C]OA assessed as an average of all time 
points from A–D. F: Cell-associated [1-14C]OA after 24 h incubation with 100 M OA in presence of the lipase inhibitor (CAY10499, 10 M) 
or CAY10499 combined with Atglistatin (10 M). For E and F, the results are presented as means ± SEM normalized to DMSO treated Plin2+/+ 
myotubes (n = 3, #P < 0.05 vs. DMSO). 

myotubes. In contrast, coincubation with Atglistatin (38), 
a reversible inhibitor of ATGL that catalyzes the first and rate-
limiting step in lipolysis of TAG, increased accumulation of 
OA in Plin2/ myotubes, in a manner similar to that of 
Plin2+/+ myotubes (Fig. 3C, D). Coincubation with Atglistatin 
increased cell-associated [1-14C]OA in Plin2/ myotubes 
compared with DMSO with a more pronounced effect, with 
higher OA concentration (Fig. 3E). Myotubes cultured in 
100 M OA coincubated with the ATGL and HSL inhibitor 
CAY10499 (41, 42) alone or in combination with Atglistatin 
increased cell-associated [1-14C]OA only in Plin2/ myo-
tubes (Fig. 3F). These results suggest that there were con-
stantly higher ATGL and HSL lipolytic activities in Plin2/ 
myotubes than in Plin2+/+ myotubes.
Lipolytic rates are difficult to normalize between two cell 

populations with differences in LD content. To overcome 
this, we utilized our established culture conditions using Atg-
listatin to minimize TAG differences between the Plin2+/+ 
and Plin2/ myotubes. Whereas Plin2/ myotubes cultured 
with 100 M OA alone accumulated less TAG than did 
Plin2+/+ myotubes (Fig. 4A), a combination of OA and Atg-
listatin resulted in TAG levels (Fig. 4A) and LD content (Fig. 
4B) in Plin2/ myotubes that were similar to those in Plin2+/+ 
myotubes. These latter Plin2+/+ and Plin2/ myotubes were 

then washed to remove the exogenous OA and Atglistatin 
before measurement of lipolysis. Lipolysis, measured as a loss 
of [1-14C]OA accumulated in the myotubes, was consistently 
overall higher in Plin2/ myotubes than in Plin2+/+ myo-
tubes (Fig. 4C, D). To compare the lipid composition of the 
stored LDs, we stimulated Plin2+/+ and Plin2/ myotubes 
with 200 µM OA alone or coincubated with Atglistatin for  
24 h prior to LD isolation. LD preparations containing the 
same amount of TAG (1 µg) were subsequently separated 
with TLC, and various lipid species were identified with 
copper sulfate staining. LDs isolated from OA-stimulated 
Plin2/ myotubes stained stronger for lipolytic degrada-
tion products such as DAG, MAG, and FFA than did those 
from Plin2+/+ myotubes (Fig. 4E, F), whereas inhibition of 
lipolysis by coincubation with Atglistatin lowered the rela-
tive staining (Fig. 4F). These differences further supported 
the notion that disruption of Plin2 in cultured myotubes 
resulted in LDs prone to lipolytic attack.

Absence of Plin2 increased FA oxidation
An important biological role for cytosolic LDs is to store 

energy-rich FAs that may be mobilized for energy production 
when needed. We were interested to determine whether 
the reduced LD stores in myotubes affected FA oxidation 
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and thus incubated Plin2+/+ and Plin2/ myotubes with [1-
14C]OA for 24 h before CO2 production was captured over 
4 h. Although cell-associated OA was lower in Plin2/ 
myotubes than in Plin2+/+ myotubes (Fig. 5A), CO2 pro-
duced through oxidation of the stored intracellular lipids 
was higher in Plin2/ than in Plin2+/+ myotubes when prein-
cubated with 100 M OA alone or in combination with the 
lipolysis inhibitor CAY10499 (Fig. 5B). Clearly, a large frac-
tion of the produced CO2 originated from intracellular LDs 
in both Plin2+/+ and Plin2/ myotubes, because CO2 pro-
duction was drastically decreased in the presence of 
CAY10499. Similar results for increased CO2 production 
(i.e., FA oxidation) in Plin2/ myotubes were obtained 
when cultures were preincubated with 400 M OA (results 
not shown). Intermediary OA -oxidation, measured as 
ASMs released from the myotubes into the cell media for  
4 h, was also higher in Plin2/ than in Plin2+/+ myotubes, 
regardless of treatment (Fig. 5C). ASMs were similarly de-
creased in the two myotube populations in the presence of 
the lipase inhibitors CAY10499 and Atglistatin (Fig. 5C).

Absence of Plin2 in myotubes decreased both  
cell-associated glucose and glucose oxidation
Muscle contraction derives energy from stored glucose 

as glycogen and FA as TAG. Therefore, elevated FA oxidation 

in the absence of Plin2/ may be coordinated with altered 
glucose metabolism. To measure glucose oxidation, we pre-
incubated Plin2+/+ and Plin2/ myotubes with BSA (40 µM) 
or OA (100 µM) for 24 h before CO2 production from  
D-[14C(U)]glucose was captured over 4 h. Cell-associated 
glucose was lower in Plin2/ myotubes than in Plin2+/+ 
myotubes (Fig. 5D), as was the glucose oxidation (Fig. 5E). 
Furthermore, preincubation with OA for 24 h suppressed 
glucose oxidation approximately two-fold in Plin2/ myo-
tubes in relation to Plin2+/+ myotubes (Fig. 5E), consistent 
with an inverse correlation between energy derived from 
FA or glucose oxidation in myotubes. Collectively, these 
substrate oxidative assays reveal a shift in energy metabo-
lism from utilization of glucose toward that of FAs in 
Plin2/ myotubes.

Expression of genes involved in FA and glucose 
metabolism in the absence of Plin2
Prolonged changes in intracellular FA concentrations 

can directly affect the expression of several transcriptional 
factors and consequently the transcription of targeted gene 
families (43–45). First, we examined mRNA expression lev-
els of Ppar members in Plin2+/+ and Plin2/ myotubes 
(Fig. 6A), because these transcription factors are known to 
be activated by various lipid moieties (46, 47). Ppard, the 

Fig.  4.  Lipolysis in OA-loaded Plin2+/+ and Plin2/ 
myotubes. Myotubes were incubated for 24 h with OA 
(100 M) alone (0.1% DMSO) or in the presence of the 
adipose triglyceride lipase inhibitor Atglistatin (10 µM). 
A: Total triacylglycerol (TAG) content in Plin2+/+ 
and Plin2/ myotubes. The results are presented as 
means ± SEM (n = 3, *P < 0.05 vs. Plin2+/+, #P < 0.05 vs. 
OA). B: Confocal pictures of Plin2+/+ and Plin2/ 
myotubes. Fixated myotubes were labeled with fluo-
rescent dyes sequestering in neutral lipid droplets 
(Bodipy 493/503, green) or in nuclei (Hoechst 33342, 
blue). C, D: Lipolysis (efflux) of OA after 24 h accu-
mulation with [1-14C]OA (100 or 400 µM) in the pres-
ence of Atglistatin (10 µM). The results are presented 
as the release of accumulated [1-14C]OA to the me-
dium at the various time points given as means ± SEM 
(n = 3–7, *P < 0.05 vs. Plin2+/+ across all time points). 
E: Cells were incubated with OA (200 M) alone or in 
combination with Atglistatin (10 µM) for 24 h prior to 
isolation of lipid droplets and separation of lipid spe-
cies with TLC. One representative of two independent 
experiments is shown. F: Staining intensities for the 
various bands in relation to the TAG signal (n = 2). 
Chol, cholesterol; Std, standard.
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predominant subtype in skeletal muscle, was expressed to 
similar levels in Plin2+/+ and Plin2/ myotubes (Fig. 6A), 
whereas the subtypes Ppara and Pparg displayed completely 
opposite expression patterns (Fig. 6A). Ppara controls the 
expression of genes involved in FA oxidation (45) and was 
induced 10-fold in the Plin2/ myotubes, with elevated 
FA levels compared with Plin2+/+ myotubes. Conversely, 
Pparg controls the expression of genes involved in FA stor-
age and its expression was suppressed 15-fold in Plin2/ 
myotubes compared with Plin2+/+ myotubes. Furthermore, 
the Ppar  coactivator 1  (Ppargc1a), a master regulator of 
mitochondrial biogenesis (48), was elevated 2-fold in 
Plin2/ compared with Plin2+/+ myotubes (Fig. 6A). Oth-
ers have reported that mice with transgenic overexpression 
of Ppara in muscle have increased FA oxidation and re-
duced glucose oxidation (49) and that overexpression of 
Ppargc1a in myotubes reduces glucose oxidation (50). The 
metabolic switches followed by overexpression of Ppara 
and Ppargc1a resemble what we observed in the Plin2/ 
myotubes that also overexpress Ppara and Ppargc1a. These 
results imply that a Ppara/Ppargc1a component pathway is 
participatory in regulating FA versus glucose oxidative bal-
ance in myotubes lacking Plin2. Hence, we focused our 
continuing analyses on the expression of genes with link-
age to FA and glucose oxidative pathways, which have been 

shown previously to be transcriptionally regulated by this 
transcription factor pathway.
Among the genes important for FA oxidation, expres-

sion of plasma membrane FA transporter CD36 antigen 
(Cd36) and mitochondrial FA transporter carnitine palmi-
toyltransferase 2 (Cpt2) mRNAs were elevated in Plin2/ 
compared with Plin2+/+ myotubes (Fig. 6B). Although no 
changes were observed for FA-binding protein 3 (Fabp3), 
higher mRNA expressions of uncoupling proteins 2 and 3 
(Ucp2 and Ucp3), routinely associated with elevated FA oxi-
dation, were also observed (Fig. 6B). Collectively, the ex-
pression of mRNAs for several enzymes oxidizing acyl-CoA 
to acetyl-CoA, such as the mitochondrial acyl-CoA dehydro-
genases (Acadm, Acadl, Acadvl) and peroxisomal acyl-CoA 
oxidase 1 (Acox1), were unchanged in Plin2/ compared 
with Plin2+/+ myotubes (Fig. 6C).
We next analyzed expression of genes involved in glu-

cose oxidative pathways (Fig. 6D–F). Expression of solute 
carrier family 2 member 1 (Slc2a1), encoding for the basal 
glucose transporter 1 (Glut1), was 50% lower in Plin2/ 
myotubes than in Plin2+/+ myotubes (Fig. 6D), whereas 
expression of Slc2a4, encoding for the insulin-responsive 
Glut4, was unaltered (Fig. 6D). Hexokinase 1 and 2 (Hk1 
and Hk2), important for mobilization of glucose, and glycogen 
synthase 1 (Gys1) were also unaltered in expression (Fig. 6D). 

Fig.  5.  Cell-associated radioactivity and oxidation of OA and glucose in Plin2+/+ and Plin2/ myotubes. For measurement of cell-associated 
radioactivity and oxidation of fatty acids (A–C), myotubes were preincubated with [1-14C]OA (100 or 400 µM) alone (0.1% DMSO) or in the 
presence of CAY10499 (10 µM) or Atglistatin (10 µM) for 24 h and then subjected to FA substrate oxidation assay for 4 h. A: Total cell-asso-
ciated [14C]radioactivity remaining in Plin2+/+ and Plin2/ myotubes after 4 h. B: Released CO2 arising from accumulated [

14C]radioactivity 
after 4 h. C: FA intermediary oxidation products measured as [14C]radiolabeled ASMs released from the myotubes into the cell media during 
24 h incubation with [14C]OA. The results are presented as means ± SEM (n = 3–7, *P < 0.05 and **P < 0.01 vs. Plin2+/+, #P < 0.05 vs. DMSO). 
For measurement of cell-associated radioactivity and oxidation of glucose (D, E), myotubes were preincubated with BSA (40 M, i.e., basal) 
or OA (100 µM) for 24 h, before myotubes were incubated with D-[14C(U)]glucose and subjected to glucose substrate oxidation assay for  
4 h. D: Total cell-associated [14C]radioactivity accumulated in myotubes after 4 h. E: Released CO2 from oxidation of D-[

14C(U)]glucose. 
Results are presented as means ± SEM (n = 3–6, *P < 0.05 vs. Plin2+/+, #P < 0.05 vs. BSA). 
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However, muscle-associated glycogen phosphorylase (Pygm), 
muscle pyruvate kinase (Pkm), and muscle pyruvate dehy-
drogenase  1 (Pdha1), encoding for three enzymes that 
drive glucose oxidation via mobilization of pyruvate for the 
TCA cycle, were all less expressed in Plin2/ than in Plin2+/+ 
myotubes (Fig. 6E). Pyruvate dehydrogenase kinase 4 (Pdk4), 
which phosphorylates Pdha1 at Ser300 and inhibits Pdha1 
enzymatic activity, was expressed at higher levels in Plin2/ 
than in Plin2+/+ myotubes (Fig. 6E).
We finally analyzed whether the altered gene transcript 

levels of the glucose transporter and the oxidative enzymes 
were reflected in protein level changes. Protein levels of 
Glut1, Pygm, Pkm, and to a lesser extent Pdha1 (P = 0.7), 
were all lower in Plin2/ than in Plin2+/+ myotubes (Fig. 
6F, G), and there was a further trended ratio for elevated 
levels of inactive phosphorylated Pdha1 (Ser300) to total 
Pdha1 (P = 0.1) in Plin2/ than in Plin2+/+ myotubes. 
Taken together, the altered gene expressions in pathways 
for FA (Cd36) and glucose (Slc2a1) transport, glycogen 
degradation (Pygm) and glycolysis (Pkm, Phda1, and Pdk4) 
found in the Plin2/ myotubes follows similar trends as 
for mice with muscle overexpression of Ppara (49) or 
Ppargc1a (50). Interestingly, all these models exhibit 

metabolic biases toward FA oxidation with a correspond-
ing suppression of glucose oxidation. This change in oxi-
dative balance may be further supported by the feedback 
inhibition of glucose oxidation by accumulated acyl-CoA 
substrates.

Absence of Plin2 had no impact on insulin-stimulated 
phosphorylation of Akt
An important physiological role for skeletal muscle is 

whole-body glucose regulation by responding to insulin 
and thereby regulating active glucose transport into mus-
cle cells. Mice with muscle-specific deletion of Pparg (51) 
or muscle-specific overexpression of Ppara (49) are both 
insulin resistant. Because Plin2/ myotubes oxidized less 
glucose, had suppressed levels of Pparg, and had elevated 
levels of Ppara, we analyzed insulin response in Plin2+/+ and 
Plin2/ myotubes. Compared with muscle tissue in vivo, 
cultured myotubes respond with only a modest increase in 
glucose uptake after insulin stimulation (52). Despite this 
reduced response, cultured myotubes provide a reliable 
model for testing factors affecting insulin signaling. First, 
we compared glycogen synthesis, which indirectly reflects 
cellular glucose uptake, after 24 h preincubation with 

Fig.  6.  Expression of genes involved in lipid metab-
olism in Plin2+/+ and Plin2/ myotubes. Gene expres-
sion of various mRNAs in differentiated Plin2+/+ and 
Plin2/ myotubes was analyzed by RT-qPCR and re-
lated to the expression of TATA-box binding protein 
(Tbp). A: Expression of transcription factors activated 
by FAs; Ppar ,  and  and Ppar  coactivator 1  
(Ppargc1a). Results are presented as means ± SEM (n = 4, 
*P < 0.05 and **P < 0.01 vs. Plin2+/+). B: Expression of 
genes involved in lipid uptake and mitochondrial 
function; FA transporter/CD36 antigen (Cd36), Fabp3, 
Cpt2, and uncoupling proteins 2 and 3 (Ucp2 and 
Ucp3, respectively). C: Expression of genes catalyzing 
oxidation of FAs; mitochondrial Acadm, Acadl, Acadvl, 
and peroxisomal Acox1. D: Expression of genes in-
volved in glucose uptake and storage; solute carrier 
family 2 member 1 and 4 (Slc2a1 and Slc2a4, respec-
tively), hexokinase 1 and 2 (Hk1 and Hk2, respectively) 
and Gys1. E: Expression of genes involved in glycogen 
mobilization and glucose oxidation; muscle-associated 
glycogen phosphorylase(Pygm), muscle pyruvate kinase 
(Pkm), pyruvate dehydrogenase  1 (Pdha1), and 
pyruvate dehydrogenase kinase 4 (Pdk4). Results in 
B–F are presented as means ± SEM normalized to 
the expression in Plin2+/+ myotubes (n = 5, *P < 0.05, 
**P < 0.01 vs. Plin2+/+). F: Protein content of Slc2a1, 
Pygm, Pkm, Pdha1, Pdha1 phosphorylated at Ser300 
(pPdha1), and Pdk4 (n = 3). G: Protein content, related 
to Gapdh normalized to the expression levels in 
Plin2+/+ myotubes, or the ratio of pPdha1 against total 
Pdha1 (Pdha1 ratio). The results are presented as 
means ± SEM (n = 3, *P < 0.05 vs. Plin2+/+).
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either BSA (40 µM) or OA (100 µM), followed by incorpora-
tion of D-[14C(U)]glucose into glycogen for 3 h. The total 
amount of synthesized glycogen was lower in Plin2/ than 
in Plin2+/+ myotubes (Fig. 7A) but the fold induction of 
glycogen synthesis by insulin stimulation was essentially 
the same (Fig. 7A). To further determine whether the al-
tered FA and glucose metabolism in Plin2/ myotubes af-
fected insulin signaling, we determined insulin-stimulated 
mTORC2-mediated phosphorylation (Ser473) of the serine-
threonine protein kinase Akt in the two cell populations. 
Akt phosphorylation in response to insulin was similar in 
Plin2+/+ and Plin2/ myotubes (Fig. 7B, C), despite total 
Akt (Akt1-3) being expressed at lower levels in Plin2/ 
myotubes than in Plin2+/+ myotubes (Fig. 7D). These find-
ings suggest that although Plin2/ myotubes have reduced 
basal glucose uptake compared with Plin+/+ myotubes, insu-
lin signaling and insulin-stimulated glucose uptake are un-
affected by removal of Plin2.

DISCUSSION

Plin2 was the second Plin-family member identified as a 
LD surface-coating protein (53), but its function in whole-
body lipid metabolism is still poorly understood. Most cell 
types transcribe a high pool of Plin2 mRNA but contain 
only a modest amount of the protein because of a rapid 
proteasomal degradation of the Plin2 pool that is not asso-
ciated with LDs (31). Manipulation of Plin2 mRNA with 
temporal gene silencing (54) or overexpression of Plin2 
(55) may therefore result in only modest changes in Plin2 
protein levels. This phenomenon and a likely partial func-
tional redundancy among some Plins (54) complicate stud-
ies on Plin2 function. The expression of Plin2 mRNA is 
induced and the produced Plin2 protein stabilized once 
LDs are formed in cells exposed to elevated levels of FAs. 
One example of this phenomenon is the large increase in 
Plin2 mRNA, Plin2 protein, and TAG-containing LDs in 

the liver of fasted mice (56). The significance of the fasting-
induced hepatic Plin2 is unclear. Characterization of two 
separate Plin2 null mouse models demonstrates that lack of 
Plin2 protects against hepatosteatosis (24, 57, 58), empha-
sizing that Plin2 coating of LDs may not always be benefi-
cial. The absence of Plin2 also suppresses obesity in mice 
on certain high-caloric diets (58), despite that Plin2 pro-
tein is normally not present on adipose LDs (53), arguing 
that a lack of Plin2 in other tissues has an impact on energy 
storage and metabolism.
The consequences for muscle energy metabolism upon 

Plin2 removal had not been fully investigated previously. To 
shed light on the function of Plin2 in skeletal muscle, we es-
tablished myoblast cultures from Plin2+/+ and Plin2/ mice. 
Given the known discrepancies in Plin2 mRNA and protein 
levels, our system with an absence of functional Plin2 differs 
from earlier studies based on siRNA knockdown or ectopic 
expression of Plin2 (54, 55). In a manner similar to that in 
the earlier studies based on the partial depletion of Plin2 (54, 
55), we show in this study that myotubes that lack Plin2 have 
less accumulated TAG than wild-type myotubes. When 
Plin2/ myotubes were exposed to Atglistatin, an inhibitor 
of ATGL that reduces lipolysis of TAG in LDs, TAG content 
was comparable to Plin2+/+ myotubes, whereas removal of the 
inhibitor resulted in a faster release of FAs from the accumu-
lated TAG pool in Plin2/myotubes. The LDs retained in 
Plin2/ myotubes furthermore consist of reduced amount 
of TAG in relation to a higher amount of lipolytic degrada-
tion products such as DAG, MAG, and FFA compared with 
Plin2+/+ myotubes. These results suggest that a lack of Plin2 
on LDs does not affect FA uptake or incorporation into LDs 
per se, but its absence increases degradation of the TAG  
deposited within LDs through enhanced lipolysis. Our 
observations complement other studies, suggesting that 
overexpression of Plin2 in embryonic kidney cells reduced 
the interaction of lipases with LDs (59) or that a combined 
Plin2 and Plin3 knockdown increased lipolysis in hepatocytes 
(54). Consistent with a model in which reduced TAG in 

Fig.  7.  Effect of insulin in Plin2+/+ and Plin2/ 
myotubes. A: Myotubes were preincubated with BSA 
(40 M) or OA (100 µM) for 24 h. Glycogen synthe-
sis was subsequently measured as incorporation of  
D-[14C(U)]glucose into glycogen in the absence or 
presence of insulin (100 nM) for 3 h. B: Myotubes 
were preincubated with OA (100 M) for 24 h, then 
incubated in glucose-free medium supplemented with 
OA (100 M) for 2 h, and subsequently incubated in 
medium containing glucose (5.5 mM) with or without 
insulin (100 nM) for 15 min. Cell samples were sub-
jected for immunoblotting analysis with antibodies 
against total Akt (Akt1-3), pAkt (Ser473), and -actin 
(housekeeping protein). Immunoblots from one rep-
resentative experiment are shown. C: Ratio of pAkt/
total Akt related to myotubes receiving no insulin. D: 
The content of total Akt related to -actin normalized 
to expression levels in Plin2+/+ myotubes. The results 
are presented as means ± SEM (n = 4, *P < 0.05 vs. 
Plin2+/+ with the same treatment, #P < 0.05 vs. without 
insulin). pAkt, phosphorylated Akt.
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Plin2/ myotubes is caused by elevated lipolytic activity, 
skeletal muscles of ATGL null mice show increased TAG 
accumulation and reduced lipolysis (60). In our study, inhibi-
tors of ATGL (i.e., Atglistatin) or ATGL and HSL (i.e. 
CAY10499) enhanced LD content and elevated total accu-
mulated TAG with considerably higher potency in Plin2/ 
myotubes than in Plin2+/+ myotubes. These results support 
the notion that ATGL and HSL have limited access to LDs or 
have reduced activity in myotubes expressing Plin2 at the LD 
surface. Taken together, our results establish that one func-
tional role for Plin2 in muscle is to protect TAG stored within 
LDs from lipases such as ATGL or HSL.
Metabolic consequences upon Plin2 removal may at least 

partly be caused by increased efflux of FAs from LDs in 
Plin2/ myotubes. We observed a profound increase in OA 
oxidation and a reduction in glucose oxidation in Plin2/ 
myotubes. In line with a functional role of Plin2 as a protec-
tor of TAG stored within LDs, we observed that Plin2/ myo-
tubes exposed to OA accumulated less DAG. Previous 
experiments in myotubes depleted of Plin2 by siRNA showed 
a more modest increase in palmitic acid (PA) oxidation but 
also an increase in DAG (55). The incomplete removal of the 
Plin2 protein in Plin2 siRNA knockdown myotubes com-
pared with an absence of Plin2 in our Plin2/ myotubes 
likely contributes to these discrepancies. The different types 
of labeled FAs used may also be significant. PA is accumu-
lated to a lower extent into LDs than is OA in myotubes (61). 
The strong repression of FA oxidation observed in myo-
tubes exposed to the dual ATGL and HSL lipase inhibitor 
(CAY10499) demonstrates that OA converted into CO2 de-
rived mainly from LDs in our experiments. Consistent with 
LDs being an important source of substrate for FA oxidation, 
other investigators have reported that preservation of LDs by 
knockdown of the ATGL coactivator CGI-58 decreased lipol-
ysis and FA oxidation while increasing glucose oxidation and 
incorporation into glycogen in cultured myotubes (62).
The enhanced release of FAs from the LDs observed in 

Plin2/ myotubes may support inhibition of glucose oxida-
tion and stimulation of FA oxidation via mutual inhibition of 
substrate metabolism in the glucose-FA cycle (43). A similar 
enhanced FA oxidation is found in cultured hepatocytes iso-
lated from Plin2/ mice (Y.K.L., K.T.D., and A.R.K., unpub-
lished observations). Our data define a mechanistic function 
for Plin2 to regulate TAG stores and FA oxidation, in an an-
tagonistic pathway that balances glucose oxidation. The ob-
served alterations in expressions of genes facilitating glucose 
uptake and oxidation are consistent with the glucose-FA cycle 
described by Randle, which defines a metabolic competition 
between glucose and FAs, in which enhanced FA availability 
suppresses glucose oxidation. We observed decreased levels 
of proteins involved both in glucose uptake (Slc2a1/Glut1) 
and in glucose oxidation in Plin2/ myotubes, consistent 
with studies examining how elevated circulating FAs in-
hibit glucose oxidation in human skeletal muscle (63). To 
facilitate such an energy substrate switch, transcription 
factors known to stimulate expression of genes driving FA 
oxidation such as Ppara and Ppargc1a (64) were expressed 
at higher levels in Plin2/ myotubes, whereas Pparg, which 
stimulates expression of genes promoting lipid storage (65), 

were suppressed. Elevated expression of Ppara has previously 
been noted in livers of Plin2/ mice (58), consistent with 
an opposite repression of Ppara expression in muscle overex-
pressing Plin2 (55). Interestingly, we found that our cultured 
Plin2/ myotubes resemble the FA oxidative phenotype and 
repressed expression of glucose oxidative genes characteris-
tic of muscle cells that were engineered to overexpress either 
Ppara (49) or Ppargc1a (50). We also observed enhanced ex-
pression of uncoupling proteins, which disconnects energy 
production from oxidative flux when FA levels are too ele-
vated. Taken together, our data suggest an increased acyl-
CoA to acetyl-CoA flux in Plin2/ myotubes, as modeled in 
the Randle cycle, serving to metabolically inhibit and sup-
press expression of glycolytic enzymes and reduce glucose 
oxidation and favor FA oxidation.
With respect to insulin responsiveness, Plin2 loss-of-

function studies in liver or whole animals have shown con-
tradictory results (54, 57, 66, 67). In our study, Plin2+/+ and 
Plin2/ myotubes had comparable insulin-stimulated re-
sponses judged by the increase in total Akt phosphorylation 
and glycogen synthesis, whereas glucose accumulation and 
oxidation were markedly decreased in Plin2/ myotubes. 
Normal insulin signaling was also reported after Plin2 knock-
down in C2C12 myotubes (55). It has been proposed that 
accumulation of lipotoxic intermediates in cells exposed to 
high levels of FAs may interfere with insulin signaling be-
cause of a mismatch among lipid storage, lipolysis, and oxida-
tion (68). Enhanced FA oxidation in Plin2/ myotubes may 
therefore act as a compensatory mechanism to handle the 
increased availability of FAs released from the more rap-
idly degrading LDs. It remains to be investigated further 
whether the reduced expressions of Akt proteins, measured 
with a pan-Akt antibody, mechanistically contribute to re-
duced glucose metabolism in Plin2/ myotubes. The three 
different Akt isoforms (Akt1-3) have distinct roles, in which 
Akt2 is particularly involved in the maintenance of glucose 
homeostasis (69). Further studies are required to clarify 
whether a particular Akt protein is reduced in Plin2/ 
myotubes and signals to reduce glucose uptake.
In summary, by characterizing myotubes established from 

Plin2+/+ and Plin2/ mice, we demonstrate that loss of Plin2 
results in myotubes with reduced accumulation of neutral lip-
ids in LDs due to elevated lipolysis. Similar to what has been 
shown previously for Plin1 and Plin5 (21, 70), this establishes 
a functional role of Plin2 as a protector against lipolytic deg-
radation of LDs. The increased efflux of FAs from LDs in 
Plin2/ myotubes is likely to contribute to a metabolic shift 
in energy metabolism from utilization of glucose toward FAs. 
Such a shift may be facilitated by altered transcription of met-
abolic regulators in Plin2/ myotubes. Our results demon-
strate that Plin2 is essential for balancing the pool of LDs in 
cultured myotubes to avoid an uncontrolled hydrolysis of in-
tracellular TAG and altered energy metabolism caused by 
increased release of FAs from LDs.
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