Int. J. Biol. Sci. 2017, Vol. 13 1
g0y [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

International Journal of Biological Sciences

2017; 13(1): 1-12. doi: 10.7150/1ijbs.17149
Research Paper

Downregulation of lipin-1 induces insulin resistance by
increasing intracellular ceramide accumulation in C2C12
myotubes

Shujuan Huang 12, Suling Huang !, Xi Wang !, Qingli Zhang 3, Jia Liu?3, Ying Leng .

1. State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Zu Chong Zhi Road 555, Shanghai 201203,
China.

2. University of Chinese Academy of Sciences, No.19A Yuquan Road, Beijing 100049, China.

3. Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Zu Chong Zhi Road 555, Shanghai 201203, China.

P4 Corresponding author: State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, 555 Zuchongzhi Road,
Shanghai, 201203, PR China. Email address: yleng@simm.ac.cn (Y. Leng).

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https:/ / creativecommons.org/licenses/by-nc/4.0/). See http:/ /ivyspring.com/ terms for full terms and conditions.

Received: 2016.08.09; Accepted: 2016.09.30; Published: 2017.01.01

Abstract

Dysregulation of lipid metabolism in skeletal muscle is involved in the development of insulin
resistance. Mutations in lipin-1, a key lipid metabolism regulator leads to significant systemic insulin
resistance in fld mice. However, the function of lipin-1 on lipid metabolism and insulin sensitivity in
skeletal muscle is still unclear. Herein we demonstrated that downregulation of lipin-1 in C2C12
myotubes by siRNA transfection suppressed insulin action, characterized by reduced insulin
stimulated Akt phosphorylation and glucose uptake. Correspondingly, decreased lipin-I
expression was observed in palmitate-induced insulin resistance in C2C12 myotubes, suggested
that lipin-1 might play a role in the etiology of insulin resistance in skeletal muscle. The insulin
resistance induced by lipin-1 downregulation was related to the disturbance of lipid homeostasis.
Lipin-1 silencing reduced intracellular DAG and TAG levels, but elevated ceramide accumulation in
C2C12 myotubes. Moreover, the impaired insulin stimulated Akt phosphorylation and glucose
uptake caused by lipin-1 silencing could be blocked by the pretreatment with SPT inhibitor
myriocin, ceramide synthase inhibitor FBI, or PP2A inhibitor okadaic acid, suggested that the
increased ceramide accumulation might be responsible for the development of insulin resistance
induced by lipin-1 silencing in C2C12 myotubes. Meanwhile, decreased lipin-1 expression also
impaired mitochondrial function in C2C12 myotubes. Therefore, our study suggests that lipin-1
plays an important role in lipid metabolism and downregulation of lipin-1 induces insulin resistance
by increasing intracellular ceramide accumulation in C2CI12 myotubes. These results offer a
molecular insight into the role of lipin-1 in the development of insulin resistance in skeletal muscle.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a complex
metabolic disorder that is characterized by abnormal
glucose and lipid metabolism due to insulin resistance
and impaired insulin secretion [1]. The insulin
resistance in skeletal muscle is a major determinant of
hyperglycaemia and T2DM, since it is the major site
for glucose metabolism, and account for
approximately 80% of whole body glucose disposal
under insulin-stimulated conditions in the

postprandial state [2, 3]. Moreover, skeletal muscle
insulin resistance is evident decades before [-cell
failure and is considered as the primary defect of type
2 diabetes [4, 5]. Hence, exploring the mechanisms of
insulin resistance in skeletal muscle is important and
will offer clues to the discovery of the new strategy for
type 2 diabetes treatment.

Intramyocellular lipid intermediates accumula-
tion is strongly linked to the development of insulin
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resistance in skeletal muscle. Lipid intermediates such
as ceramide, diacylglycerol (DAG) or long-chain
acyl-CoA all have the potential to reduce skeletal
muscle insulin sensitivity [6-8]. Among these lipid
species, ceramide is considered as the most active
lipid intermediates to blunt insulin action [9]. Strong
positive relationship between ceramide accumulation
and insulin resistance of skeletal muscle is found in
diabetes animal models and human subjects [10-12].
In C2C12 mytobues, ceramide directly stimulates
protein phosphatase 2A (PP2A), a ubiquitously
expressed cytoplasmic serine/threonine phosphatase
to promote PKB/Akt dephosphorylation [13].
Furthermore, defective control of lipid metabolism in
skeletal muscle, such as impaired triacylglycerides
(TAG) synthesis or mitochondrial metabolism may
channel fatty acids (FAs) into ceramide generation
and inhibit insulin signal transduction [14, 15].
Lipin-1 was identified as the gene mutated in the
fatty liver dystrophy (fld) mouse and is highly
expressed in metabolically active tissues such as
adipose tissue and skeletal muscle [16]. Recently,
lipin-1 is emerging as a key regulator in lipid
metabolism at multiple nodal points. Lipin-1
functions as phosphatidate phosphatase (PAP)
enzyme which catalyzes the dephosphorylation of
phosphatidic acid (PA) to DAG, the penultimate step
of TAG synthesis [17]. In addition, lipin-1 can
translocate to nucleus and acts as a transcriptional
regulator to inhibit or enhance genes expression
involved in lipid metabolism [18, 19]. Fld mice exhibits
profound glucose intolerance, hyperinsulinmia and
insulin resistance, which is speculated to due to the
impaired differentiation of adipose tissue [20]. To
date, the physiological function of lipin-1 in adipose
tissue has been well studied [19, 21, 22]. Nevertheless,
the function of lipin-1 in skeletal muscle is remaining
unclear. Result from the muscle-specific lipin-1
transgenic mice shows that lipin-1 expression
enhancement reduces energy expenditure and
systemic insulin sensitivity [23]. Contradict with this
result, lipin-1 expression increases after exercise and
AMPK activation, suggests that lipin-1 may also
participate in mitochondrial metabolism in skeletal
muscle [24, 25]. Until now, most investigations about
the function of lipin-1 in skeletal muscle are
performed in vivo, which involved with tissue and
tissue communications. The in vitro study is necessary
to elucidate the exact effect of lipin-1 and its
relationship with lipid metabolism in skeletal muscle.
In the present study, we explored the
relationship between lipin-1 and insulin sensitivity in
C2C12 myotubes using siRNA transfection, and
further investigated whether lipin-1 played a role in
the development of lipid induced insulin resistance.

We also sought to identify the underlying mechanism
according to the function of lipin-1 in skeletal muscle
lipid metabolism.

2. Material and methods
2.1 Inhibitors

Fumonisin Bl (FB1) was from Santa Cruz
Biotechnology and myriocin was from Dalian Meilun
Biology Technology Co. PP2A inhibitor okadaic
acid was purchased from Beyotime.

2.2 Cell culture

C2C12 myoblasts, purchased from the American
Type Culture Collection were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented
with 10% FBS, 100 units/ml penicillin, and 100pg/ml
streptomycin at 37°C with 5% CO. Upon reaching
100%  confluence, «cells were transferred to
differentiation medium (DMEM with 2% horse
serum) for 4 days.

2.3 Transfection of siRNA
Lipin-1 siRNA was purchased from Santa Cruz

Biotechnology. siRNA was transfected using
Lipofectamine RNAIMAX (Invitrogen  Life
Technologies) according to the manufacturer's

instructions. Transfection was conducted on day 2 or
day 3 of the differentiation in C2C12 cells. Assays
were done at 48h or 24h after transfection when
myoblasts were fully differentiated.

2.4 Palmitate treatment in C2C12 myotubes

Palmitate/BSA solution was prepared as
previously  described [26]. Briefly, palmitate
(Sigma-Aldrich) was dissolved in 0.ImM NaOH at
70°C and diluted 1:20 in 5% (w/v) fatty acid free BSA
(PAA Laboratories) in PBS to make a 5mM palmitate/
5% BSA solution. The solution was then incubated in
56°C water bath for 10 min, cooled to room
temperature and filtered. Then, the palmitate/BSA
solution was diluted in DMEM to final concentration
of 0.75mM palmitate/ 0.75% BSA or 0.5mM
palmitate/ 0.75% BSA. Differentiated C2C12
myotubes in 24-well plates was then incubated with
above solutions for 24h with 10 nM insulin
stimulation for the last 30 min.

2.5 RNA extraction and quantitative RT-PCR
analysis

RNA was extracted using Trizol reagent
(Invitrogen Life Technologies) and reverse transcript
with PrimeScript™ RT reagent Kit with gDNA Eraser
(Takara). mRNA level was quantified by quantitative
RT-PCR using SYBR Premix Ex Taq kit (Takara) on
ABI fast 7500 System (Invitrogen Life Technologies).
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The primers for real-time PCR were synthesized by
Invitrogen Life Technologies, and described in
Table 1. All the quantitative real time PCRs were
normalized to GAPDH.

2.6 Western blot analysis

Western blot analysis was performed as
previously described [27]. Equal protein samples were
subjected into separation by SDS-PAGE and were
transferred to PVDF membranes. After being blocked
with 7.5% milk in TBST, membranes were incubated
with primary antibodies target phospho-Akt (Ser#’3),
phospho-Akt (Thr3%), phosphor-GSK-3p (Ser?), Akt,
lipin-1, MYH, myogenin and GAPDH overnight at
4°C. Primary antibodies are purchased from Cell
signaling Technology, except MYH and myogenin
antibodies were from Santa Cruz Biotechnology and
lipin-1 antibody was from Novus Biological. Next,
membranes were incubated with anti-rabbit IgG
HRP-linked antibody (Bio-Rad) for 2h at room
temperature, washed with TBST and visualized by
ECL™ Prime Western Blotting Detection Reagent (GE
healthcare). Band intensities were measured using
quantity one (Bio-Rad) and normalized to GAPDH.

2.7 2 -Deoxyglucose uptake

After serum starved for 6 h, C2C12 myotubes
were incubated in KRHB (130 mmol/l NaCl, 5
mmol/1 KCl, 1.3 mmol/1 MgSO,, 1.3 mmol/l CaCl,,
25 mmol/] HEPES, pH 7.4) with or without 100
nmol/I insulin for 20 min, followed by incubation
with 0.05 mmol/1 2-deoxy-D-glucose and 1.85x10*
Bq/ml 2-deoxy-D-[1,2-3H] glucose for 10 min.
Radioactivity was determined by liquid scintillation
counting (Perkin Elmer Trilu) and normalized to
protein concentration.

2.8 ATP assay

The ATP content was measured using a
luciferase-based luminescence assay kit (Beyotime)
according to the manufacturer's instructions and

Table 1. The primers for real-time PCR.

normalized to protein concentration.

2.9 ROS assay

The ROS production was determined using
Reactive Oxygen Species Assay Kit (Beyotime).
Briefly, after serum starved for 6h, the cells were
washed with warm PBS twice and incubated with
pre-warmed DCFH-DA at 37°C for 20 min. After
washed with PBS twice, cells were collected with PBS
supplement with 1% Triton, spun at 12000 rpm for
10min. Fluorescence of supernatant was determined
at lengths of 488 nm/525 nm (excitation/emission)
and normalized to protein concentration.

2.10 TAG measurement

Cells were harvested with deionized water. After
sonication, total TAG content in the lysate was
determined using commercial kits (East Ou Jin Ma
Biotech). Absorbance was normalized to protein
concentration.

2.11 Ceramide analysis

Lipid extraction was conducted according to the
method of Dianna et al. with modifications [28].
Briefly, cells were collected with deionized water and
sonicated. After protein concentration measurement,
an aliquot equivalent to 300 pg protein was used for
lipid extraction. Ceramide C17 was used as internal
standard and added before lipid extraction. 700 pl
methanol/chloroform (1:2) was added to cell lysates,
vortexed and shaked at 4°C for 1h. Mixture was spun
for 10 min at 10000 rpm. The lower layer was
transferred to a new glass tube and the left layers
were sonicated for second extraction. The chloroform
solvent was dried and reconstituted with methanol.
LC-MS/MS was used to measure intracellular
contents of ceramide C16, C22 and C24 [28]. Ceramide
standards, purchased from Avanti Polar Lipids were
dissolved in a 99.8/0.2 mixture of ethanol/formic
acid, further dilutions were made with methanol. The
LC-MS/MS measurements were conducted on an

AB6500 triple quadrupole mass spectrometer
(AB SCIEX) coupled to a Waters UPLC system

mouse  Forward primer Reverse primer

(Waters). Liquid chromatographic separation

gene was obtained using 1.0 pl injections of samples
Lipin-la GGTCCCCCAGCCCCAGTCCTT GCAGCCTGTGGCAATTCA ;

Lipin-1p CAGCCTGGTAGATTGCCAGA GCAGCCTGTGGCAATTCA onto* Waters Acquity UPLC BEH C18 Column
GAPDH GGTCGGTGTGAACGGATTTGG ~ TCGCTCCTGGAAGATGGTGATG (10021 mm, 1.7 um). The autosampler
PGC-la TCTGAAAGGGCCAAACAGAG GTAAATCACACGGCGCTCTT temperature was set at 4°C and the column was
PGC-1p GCCCTGTCCCAGAGTGAAAG GCATGTAGCGAATGAGCTGTA maintained at 50°C during the whole analysis.
PPARa GGCTTCTTTCGGCGAACTATT CCGATCACACTTGTCGTACAC Gradi luti bile h sted of B
mfTFA  GCTGATGGGTATGGAGAAG GAGCCGAATCATCCTTTGC radient e qtlon mobrie phases consiste 0
NRFI ~ GCCGTCGGAGCACTTACT CTGTTCCAATGTCACCACC (0.1% formic acid in methanol). Gradient
NRF2  AGCAGGACATGGAGCAAGTT TTCTTTTTCCAGCGAGGAGA elution (400 pl/min) was 100% B which was
SIRTI AGGGAACCTTTGCCTCATCTA GTGCCACTGTCACTGTTACTGC maintained for 5.5 min. The AB6500 triple
Mcad GAGAAGAAGGGTGACGAGTATGT GGGTACTTTAGGATCTGGGTTAG

Acox ~ TGACCCCAAGACCCAAGAGTTC AAAGTGGAAGGCATAGGCGG quadrupole mass spectrometer was set for

electrospray ionization (ESI). The electrospray
interface was operated in positive ion mode.
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The source parameters were as follows: capillary
voltage, 5500 V; curtain gas 25 psi; gas temperature,
400°C; ion Source Gas 1, 55 psi; ion Source Gas 2, 55
psi; collision gas, 9 psi. Levels of ceramide were
analyzed by multiple reactions monitoring (MRM). In
MRM mode, detection of each compound is based on
fragmentation of the precursor ion [M+H]+ to yield a
prominent product ion.

2.12 DAG analysis

The levels of DAG species were measured using
UPLC/Q-TOF MS method as previous described [29].
Briefly, after lipid extraction, the level of DAG species
was measured using UPLC/Q-TOF MS. Acquity
UPLC system (Waters Corp.) on an Acquity UPLC
HSS T3 column (2.1 mm X 100 mm, 1.8 pm, Waters
Corp.) was used for separation of DAG profile in cell
samples. The mobile phase was a mixture of (A) 5 mM
ammonium acetate and (B) methanol and was
delivered at 0.5 mL/min. For the semi-quantitative
analysis of DAGs, the mass spectrometric detection
was conducted on an API 4000 triplequadrupole mass
spectrometer (Applied Biosystems) equipped with an
ESI. The electrospray interface was operated in the
positive ionization mode. The MRM transitions were
established based on the high resolution mass
spectrometric analysis of DAGs.

2.13 Statistical analysis

Results were presented as means £ SEM. P value
was analyzed by Student’s t test. Values of P<0.05
were considered statistically significant (*P < 0.05; **P
<0.01; ***P < 0.001).

3. Results

3.1 Downregulation of lipin-1 induces insulin
resistance in C2C12 myotubes

To evaluate the effect of lipin-1 on insulin
sensitivity in skeletal muscle, lipin-1 silencing was
performed in C2C12 myotubes. As shown in Figure
1A and B, transfection of C2C12 myotubes with
specific lipin-1 siRNA decreased protein level of
lipin-1 by 40%, and no difference could be observed
between Negative Control (N.C) siRNA and control
group. Moreover, RT-PCR analysis showed that
lipin-1 siRNA targeted both isoforms of lipin-1 and
decreased mRNA expression of lipin-la and lipin-1p
by 46% and 65%, respectively (Figure 1C). Lipin-1
silencing didn’t change the protein expression of
myogenin and MYH, two myoblast differentiation
markers, suggested that the differentiation of C2C12
myotubes was unaltered (Figure 1A). Insulin
stimulation in N.C siRNA cells led to 110% increase in
phosphorylation of Akt (Sert?and Thr3%) and 39%
increase in glucose uptake, indicating normal insulin

sensitivity in C2C12 myotubes after transfection.
Lipin-1 silencing showed no effect on Akt protein
level, but significantly decreased insulin stimulated
phosphorylation of Akt (Ser*?) and Akt (Thr%) to
64% and 61% of N.C siRNA, respectively (Figure 1D).
Meanwhile, insulin stimulated phosphorylation of
GSK-3pB(Ser?) was attenuated. Moreover,
downregulation of lipin-1 in C2C12 myotubes
decreased insulin-stimulated glucose uptake by 25%
compared with N.C siRNA (Figure 1E). These results
suggest that downregulaion of lipin-1 blunts insulin
action and impairs insulin-stimulated glucose uptake
in C2C12 myotubes.

3.2 Lipin-1 expression was downregulated in
palmitate-induced insulin resistance in C2C12
myotubes

We further detected the abundance of lipin-1
protein in C2C12 myotubes under insulin resistant

condition. To imitate insulin resistance, C2C12
myotubes  were incubated  with  different
concentrations of palmitate for 24h. Palmitate

treatment at the dose of 0.5 and 0.75mM had no effect
on Akt protein level, but significantly reduced insulin
stimulated Akt phosphorylation (Ser4’® and Thr3%),
suggesting impaired insulin sensitivity in these cells
(Figure 2B and C). 0.5 mM palmitate treatment tended
to decreased lipin-1 protein level, while 0.75mM
palmitate treatment significantly decreased lipin-1
protein level in C2C12 myotubes to 64% of BSA
control (Figure 2D).

3.3 Downregulation of lipin-1 remodels
intracellular lipid profile in C2C12 myotubes

Since lipin-1 accounts for almost all PAP1
activity in skeletal muscle, we examined whether
lipin-1 silencing would remodel intracellular lipid
profile in C2C12 myotubes. First, the levels of two
important lipid intermediates, DAG and ceramide,
which are known to inhibit insulin signaling pathway
were detected. As shown in Figure 3A, lipin-1
silencing significantly reduced the contents of several
DAG species, including 14:0/16:0, 16:1/16:1,
16:0/18:2, 18:2/18:2, 18:1/18:2, 181/18:1 and
18:0/18:0). The profiles of ceramide were analyzed by
LC-MS/MS, and three kinds of ceramides, including
C16:0, C22:0 and C24:0 were identified as the most
abundant species in C2C12 myotubes. Lipin-1
silencing significantly increased the contents of C16:0,
C22:0 and C24:0 ceramides by 32%, 30% and 45%
compared with N.C siRNA control (Figure 3B).
Meanwhile, intracellular TAG was decreased to 80%
of N.C siRNA control upon lipin-1 silencing
(Figure 3C).

http://www.ijbs.com



Int. J. Biol. Sci. 2017, Vol. 13

A D

Insulin - + - + - +

vipin-1 S S p-Akt-473 [

MYH - . p-Akt-308 W . S - =

myogenin WG A s e

GappH ' PGSK3B | e e - - -
Control N.C Lipin-1 GAPDH

SIRNA Control N.C Lipin-1
siRNA
3 Basal
B Insulin(10nM)
1.5+ 2.
= z
= = —— & 1S
= L
= L] é
g ki & 10
p g
= 0.5+ [
= Z 08
~ =
0.0 0.0
Control N.C Lipin-1 Control Lipin-1
SiRNA siRNA
[ Basal
O Lipin-la I Insulin(10nM)
1.5y [l Lipin-1B 2.0+
=
g £ s
T
ZE 10 b
ms )
é % € 1.0y
E= s it
=& 2 0.51
- : ]
=
0.0 0.04
Control N.C Lipin-1  Control N.C Lipin-1 Control (& Llpm 1
siRNA SiRNA siRNA
. [ Basal
= 1.5, IR Insulin(100nM)
1
B ‘g ek
= o
2 L0
=
7]
2%
C =
e Control Ll[JlIl -1

siRNA

Figure 1. Lipin-1 silencing induces insulin resistance in C2C12 myotubes. C2C12 myotubes were transfected with lipin-1 siRNA, N.C siRNA or control (without
siRNA), and were analyzed 48 h post transfection following serum starvation for 6 h. (A, B) Cell lysates were subjected to western blot analysis for protein level of lipin-1, MYH
and myogenin. (C) Confirmation of lipin-1 silencing by RT-PCR. (D) Cell lysates prepared after siRNA transfection were subjected to western blot analysis for phosphorylation
of Akt (Ser473 and Thr3%8) and GSK-3 (Ser?) in the absence or presence of 10 nM insulin for 30 min. (E) After 6 h serum starvation, C2C12 myotubes were stimulated with or
without 100 nM insulin for 30 min and the glucose uptake was assessed as described in method. Values represent the mean + SEM from three or four independent experiments.
*p < 0.05, ¥p < 0.01, ¥**p < 0.001 vs N.C siRNA or the indicated control. N.C, negative control.
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starvation for 6 h. Total lipids were extracted and measured by LC-MS/MS to quantify DAG (A) and ceramide (B). (C) TAG was analyzed by commercial kits. Values represent
the mean + SEM from three or four independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs N.C siRNA. N.C, negative control.
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Figure 4. Inhibition of ceramide synthesis ameliorates insulin resistance induced by lipin-1 silencing. C2C12 myotubes were incubated with or without 10 uM FBI1
(A, C) or 3 yM myriocin (B, D) before siRNA transfection, and the insulin stimulated Akt phosphorylation and glucose uptake were assessed after serum starvation for 6 h. Values
represent the mean = SEM from three or four independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 vs the indicated control. FB1, Fumonisin BI. N.C, negative control.

3.4 Inhibition of ceramide synthesis
ameliorates insulin resistance induced by
lipin-1 downregulation

Serine palmitoyltransferase (SPT) and ceramide
synthases are key enzymes involved in ceramide
synthesis. To investigate the involvement of elevated

ceramide content in the development of insulin
resistance caused by lipin-1 silencing, C2C12
myotubes were incubated with 10 pM ceramide
synthases inhibitor FB1 or 3 pM SPT inhibitor
myriocin (Figure 4) before siRNA transfection, and
insulin stimulated Akt phosphorylation and glucose
uptake were detected. As shown in Figure 4A and 4B,
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lipin-1 silencing significantly reduced the insulin
stimulated phosphorylation of Akt (Ser4”3 and Thr3%8),
and these effects were blocked by the presence of FB1
or myriocin. Accordingly, lipin-1 downregulation
failed to impaired insulin-stimulated glucose uptake
under FB1 or myriocin pretreatment condition (Figure
4C and 4D). These results suggested that elevated
ceramide content contributed to the insulin resistance
induced by lipin-1 silencing in C2C12 myotubes.

3.5 Inhibition of PP2A activity ameliorates
insulin resistance induced by lipin-1
downregulation

In C2C12 myotubes, ceramide activates PP2A,
which is known to dephosphorylate Akt. Therefore,
inhibitor of PP2A, okadaic acid was then applied to
further explore the role of increased intracellular
ceramide accumulation in the development of insulin
resistance under lipin-1 silencing condition. Lipin-1
silencing decreased insulin stimulated
phosphorylation of Akt (Ser4”? and Thr3%8) to 73% and
70% of N.C siRNA control, and these effects were
abolished in the present of OKA treatment.
Meanwhile, lipin-1 silencing significantly reduced
insulin stimulated glucose uptake to 81% of N.C
siRNA control, and this effect was blocked by the
pretreatment of OKA (Figure 5). In order to confirm
lipin-1 downregulation do activate PP2A through
ceramide accumulation, C2C12 myotubes were
incubated with C16:0 ceramide, which was found to
be the most abundant ceramide specie of C2C12
myotubes in Figure 3B. As shown in Figure 5E and 5F,
C16:0 ceramide treatment impaired insulin stimulated
Akt phosphorylation, and these effects were
abrogated by the presence of OKA. These results
indicated that PP2A activation was responsible for
insulin resistance caused by lipin-1 downregulation in
C2C12 myotubes.

3.6 Downregulation of lipin-1 impairs
mitochondrial function in C2C12 myotubes

Lipin-1 was reported to act as a transcriptional
co-regulator of PGC-1a/PPARa which plays a critical
role in mitochondria biogenesis and metabolism in
liver [18]. Meanwhile, mitochondrial dysfunction can
lead to accumulation of ceramide [30]. Therefore, we
further investigated the effect of lipin-1 silencing on
mitochondrial function in C2C12 myotubes. As
shown in Figure 6A, lipin-1 silencing in C2C12
myotubes reduced mRNA levels of PGC-la and
PPARa to 49% and 70% of N.C siRNA control,
respectively. Accordingly, PGC-la target genes
involved in mitochondria biogenesis and metabolism
in skeletal muscle, including PGC-1p3, NRF1, NRF2,
the mitochondrial transcription factor (mtTFA), and

several genes involved in fatty acid oxidation, SIRT1,
Acox and Mcad were significant suppressed upon
lipin-1 silencing. In addition, lipin-1 silencing in
C2C12 myotubes decreased ATP production (Figure
6B) and slightly increased ROS production (Figure
6C). These results indicated that mitochondrial
function was impaired and mitochondrial metabolism
was weakened upon lipin-1 silencing in C2C12
myotubes.

4. Discussion

Lipin-1 has been implicated in the regulation of
lipid and energy metabolism in several tissues,
including liver and adipose tissue. However, the
function of lipin-1 in skeletal muscle has not been
completely characterized. In the present study, the
effect of lipin-1 on insulin sensitivity and lipid
metabolism was investigated in C2C12 myotubes.
Our study showed that lipin-1 downregulation
impaired insulin stimulated Akt phosphorylation and
glucose uptake, and these effects might be attributed
to the disturbance of lipid homeostasis caused by
lipin-1 silencing in C2C12 myotubes.

Lipin-1 is highly expressed in mouse skeletal
muscle and alterations in lipin-1 expression levels
might produce important pathophysiological effect
[23, 31]. In this study, lipin-1 siRNA transfection was
performed to explore its effect on insulin sensitivity in
C2C12 myotubes. Two other lipin family proteins,
lipin-2 and lipin-3 are reported to compensate for the
absence of lipin-1[22, 32], however, we didn’t observe
mRNA level variation of lipin-2 and lipin-3 in this
study (data not shown). Lipin-1 knockdown
significantly ~decreased insulin stimulated Akt
phosphorylation, suggesting insulin signaling
pathway had been impaired. Furthermore, insulin
stimulated glucose uptake in skeletal muscle was
suppressed by lipin-1 knockdown. Lipin-1 was
reported to be up-regulated during C2C12 myoblast
differentiation, and knockdown of lipin-1 expression
by infection with adenovirus (shLpinl) before
initiation of differentiation in C2C12 myoblast would
suppress myogenic differentiation [33]. However, in
our study, lipin-1 silencing didn’t change the protein
expression of myogenin and MYH in C2C12
myotubes, suggested that the myoblast differentiation
wasn't affected. The discrepancy may be due to the
different time of transfection conducting, since we
performed the lipin-1 silencing at day 2 or day 3 after
the initiation of differentiation. Therefore, our results
showed that lipin-1 plays an important role in the
regulation of insulin sensitivity, and downregulation
of lipin-1 impaired insulin stimulated glucose uptake
and Akt phosphorylation, but had no effect on
differentiation of C2C12 myotubes.
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Figure 5. Inhibition of PP2A activity ameliorates insulin resistance induced by lipin-1 silencing. C2C12 myotubes were incubated with or without 10 nM okadaic
acid before siRNA transfection, and the insulin stimulated Akt phosphorylation (A, B, C) and glucose uptake (D) were assessed after serum starvation for 6 h. C2C12 myotubes
were exposed to 50 UM C16:0 ceramide for 24 h and insulin stimulation for the last 30 min in the absence or presence of 10 nM okadaic acid and phosphorylation of Akt (Ser473
and Thr308) was evaluated by western blot (E, F). Values represent the mean * SEM from three or four independent experiments. **p < 0.01 and **p < 0.001 vs the indicated

control. OKA, okadaic acid. N.C, negative control. Cer, C16:0 ceramide.

Connection  between  decreased  lipin-1
expression and insulin resistance in skeletal muscle
was further studied by detecting the level of lipin-1
protein under insulin resistant condition. Palmitate is
a major factor contributing to the development of
skeletal muscle insulin resistance under lipid
oversupply condition, such as obesity and
lipodystrophy [34]. The insulin stimulated Akt
phosphorylation was significantly decreased after
palmitate challenge in C2C12 myotubes, suggesting
the occurrence of insulin resistance. Meanwhile, the
expression of lipin-1 protein was significantly
reduced along with the decreased insulin sensitivity,
which suggested that lipin-1 might participate in the

development of insulin resistance in skeletal muscle.
Insulin resistance in skeletal muscle is tightly
connected with lipid intermediates elevation induced
by lipid metabolism dysregulation [35]. Lipin-1 was
report to account for almost all of the PAP1 activity
which catalyzes the dephosphorylation of PA to DAG
in skeletal muscle [28]. Moreover, as the substrate for
TAG biosynthesis, the decreased DAG that results
from PAP1 inhibition would reduce the TAG content,
and this has been confirmed by the impaired TAG
synthesis in lipin-1-deficient fld mouse [31]. Therefore,
we evaluated the effect of lipin-1 silencing on DAG
and TAG levels in C2C12 myotubes. Upon lipin-1
silencing, intraceullar DAG level was reduced.
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Meanwhile, the TAG level was also decreased by
lipin-1 silencing in C2Cl12 myotubes. DAG
accumulation in skeletal muscle was associated with
the occurrence of insulin resistance, and the reduced
DAG contents can’t explain the impaired insulin
stimulated glucose uptake and Akt phosphorylation
caused by lipin-1 silencing. Ceramide is another toxic
lipid intermediate that lead to insulin desensitization
[36]. Inhibition of TAG synthesis in skeletal muscle
may increase ceramide accumulation. Using
LC-MS/MS analysis, we found that C16:0, C22:0 and
C24:0 ceramides were the most abundant ceramide
species in C2C12 myotubes. Moreover, the levels of all
these ceramide species were elevated after lipin-1
silencing. Therefore, lipin-1 is crucial for lipid
homeostasis in skeletal muscle. Downregulation of
lipin-1 expression decreased intracellular DAG and
TAG levels, but elevated ceramide accumulation in
C2C12 myotubes.

Inhibition of ceramide synthesis is reported to
ameliorate high fat diet induced skeletal muscles
insulin resistance. Intraperitoneal administration of
myriocin, a SPT inhibitor could significantly reduce
ceramide de novo synthesis in rat skeletal muscles and
associated with the improved whole body glucose
homeostasis [37-39]. In our study, C2C12 myotubes
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were treated with SPT inhibitor myriocin or ceramide
synthase inhibitor FB1 before siRNA transfection to
further investigate the contribution of elevated
ceramide content in the development of insulin
resistance induced by lipin-1 downregulation. The
results showed that both of myriocin and FB1
protected C2C12 myotubes from the detrimental
effect of lipin-1 silencing, including decreased insulin
stimulate Akt phosphorylation and glucose uptake.
Ceramide engages different pathways to inhibit
insulin signaling pathway in different cells. In C2C12
myotubes, ceramide directly activates protein
phosphatase 2A (PP2A), a ubiquitously expressed
cytoplasmic serine/threonine phosphatase
responsible for dephosphorylation of Akt/PKB [9,
13]. Here, we showed that the defect of insulin
stimulate Akt phosphorylation and glucose uptake
caused by lipin-1 silencing in C2C12 myotubes could
be restored by the pretreatment with okadaic acid, a
PP2A inhibitor. Thus, our results suggested that the
increased ceramide accumulation might contribute to
the insulin resistance induced by lipin-1 silencing in
C2C12 myotubes.

In this study, we also sought to explore the
mechanisms of ceramide accumulation in C2C12

myotubes upon lipin-1 silencing. Intracellular
C
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Figure 6. Effect of lipin-1 silencing on mitochondria function in C2C12 myotubes. C2C12 myotubes were transfected with lipin-1 siRNA for 48 h following serum
starvation for 6 h. Total RNA was extracted and the mRNA levels of genes involved in mitochondrial function were detected by RT-PCR (A). ATP production (B) and
intracellular ROS production (C) were also evaluated. Values represent the mean + SEM from three or four independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001

vs N.C siRNA. N.C, negative control.
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ceramide accumulation mainly comes from de novo
biosynthesis, and the synthesis rate relies on the
expression of several enzymes and the availability of
the precursors, FAs [36]. We observed no significant
changes of the expression of SPT and ceramide
synthase mRNA upon lipin-1 silencing in C2C12
myotubes (data not shown). Therefore, the elevation
of ceramide levels was speculated to be the result of
TAG synthesis and mitochondrial metabolism
inhibition. Upon lipin-1 silencing, TAG synthesis was
impaired in C2C12 myotubes, evidenced by decreased
levels of TAG and DAG. Moreover, the expression of
important genes involved in fatty acid oxidation, such
as Mcad and Acox were suppressed and ATP level
was decreased, indicated reduced mitochondrial
metabolism in lipin-1 silencing C2C12 myotubes. This
result might be related with the decreased expression
of PGC-1a, which was previously reported as a target
gene of lipin-1 in liver. Meanwhile, lipin-1 expression
increases after exercise, along with PGC-1a, suggests
that lipin-1 may also participate in PGC-1a regulation
in skeletal muscle. In this study, mRNA level of
PGC-1a was reduced in C2C12 myotubes upon lipin-1
silencing, accompanied with PGC-la target genes

implicated in mitochondrial biogenesis and
metabolism. Earlier work demonstrates lipin-1
deficiency in muscle leads to mitochondria

dysfunction by suppressing DAG-PKD signaling
pathway [31]. Our study further suggested that
decreased PGC-la expression might also participate
in the occurrence of mitochondrial dysfunction.
Therefore, our results indicated that lipin-1 was a key
regulator in controlling FAs flux direction in skeletal
muscle, and decreased lipin-1 expression impaired
skeletal muscle TAG synthesis and mitochondrial
function which led to intracellular ceramide
accumulation.

5. Conclusions

Lipin-1 is a key lipid metabolism regulator in
skeletal muscle. Downregulation of lipin-1 decreased
intracellular DAG and TAG levels, but increased
ceramide accumulation and thereby caused insulin
resistance in C2C12 myotubes. Our results offer a
molecular insight into the role of lipin-1 in the
development of insulin resistance in skeletal muscle.
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