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a b s t r a c t

Insulin resistance is a cardinal feature of Type 2 Diabetes (T2D), which accompanied by lipid accumu-
lation and TNF-a overexpression in skeletal muscle. The role of TNF-a in palmitate-induced insulin
resistance remained to be elucidated. Here, we assessed effects of TNF-a knockdown on the components
of insulin signaling pathway (IRS-1 and Akt) in palmitate-induced insulin resistant C2C12 skeletal muscle
cells. To reduce TNF-a expression, C2C12 cells were transduced with TNF-a-shRNA lentiviral particles.
Afterwards, the protein expression of TNF-a, IRS-1, and Akt, as well as phosphorylation levels of IRS-1
and Akt were evaluated by western blot. We also measured insulin-stimulated glucose uptake in the
presence and absence of palmitate. TNF-a protein expression in C2C12 cells significantly increased by
treatment with 0.75 mM palmitate (P < 0.05). In TNF-a knockdown cells, the protein expression level of
TNF-a was significantly decreased by almost 70% (P < 0.01) compared with the control cells. Our results
also revealed that, in control cells, palmitate treatment significantly reduced the insulin-induced
phosphorylations of IRS-1 (Tyr632) and Akt (Ser473) by 60% and 66% (P < 0.01), respectively. Interest-
ingly, these phosphorylations, even in the presence of palmitate, were not significantly reduced in TNF-a
knockdown cells with respect to the untreated control cells (P > 0.05). Furthermore, palmitate signifi-
cantly reduced insulin-dependent glucose uptake in control cells, however, it was not able to reduce
insulin-stimulated glucose uptake in TNF-a knockdown cells in comparison with the untreated control
cells (P < 0.01). These findings indicated that TNF-a down-regulation maintains insulin sensitivity, even
in the presence of palmitate, therefore, TNF-a inhibition could be a good strategy for the treatment of
palmitate-induced insulin resistance.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Insulin resistance is the key feature of type 2 diabetes, which
mainly occurs in skeletal muscle. Although many studies have
focused on the underlying mechanisms of Insulin resistance, the
exact mechanism is not yet fully understood [1,2]. Skeletal muscle
is responsible for almost 80% of whole body insulin-stimulated
glucose disposal, so it is important to investigate the possible rea-
sons for insulin resistance in this tissue [3e5]. In the case of insulin
resistance, because of reduced insulin sensitivity in the fat cells, the
bakhtiyari-s@medilam.ac.ir
plasma level of free fatty acids (FFAs) increases, which in turn re-
sults in accumulation of FFAs and their metabolites in non-adipose
tissues. The interference of these metabolites with the insulin
signaling pathway leads to the reduced insulin sensitivity and
finally development of type 2 diabetes [6e9]. Some evidences
suggest that oversupplying FFAs cause intracellular accumulation of
FFA-derived metabolites, which ultimately can phosphorylate in-
sulin receptor substrate (IRS) proteins on Ser/Thr residues resulting
to the inhibition of insulin receptor (IR)-mediated signaling and
subsequent insulin resistance [10e15]. Palmitate is the most
abundant FFA in the plasma [3] that has been shown to induce
insulin resistance in insulin target tissues [16,17]. High concentra-
tions of palmitate also induce inflammatory cytokines such as tu-
mor necrosis factor-alpha (TNF-a) [18,19], which has been shown to
be an important contributor to the development of insulin
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resistance [20,21]. TNF-a can potently stimulate basal lipolysis in
adipocytes which in turn may contribute to hyperlipidemia and
peripheral insulin resistance seen in obesity [22e26]. Several
studies have been demonstrated that saturated fatty acids, espe-
cially palmitate induces TNF-a expression in muscle cell [27e29].
However, the role of TNF-a in palmitate induced insulin resistance
and the underlying molecular mechanism by which TNF-a impairs
insulin signaling pathway has not been fully understood. Therefore,
the aim of the present study was to explore the effect of TNF-a
knockdown on the palmitate-induced insulin resistance. To this
end, we assessed the beneficial phosphorylations of two key pro-
teins (Tyr632-IRS-1 and Ser473-Akt) in the insulin signaling
pathway and glucose uptake in TNF-a knockdown and control
C2C12 cells in the presence and absence of palmitate.

2. Materials and methods

2.1. Cell culture

C2C12 myoblasts (Pasteur Institute, Iran) were cultured in Dul-
becco's modified Eagle's Medium (DMEM; Gibco, Berlin, Germany)
containing 10% fetal bovine serum (FBS), 2 mM glutamine, 100 unit/
ml penicillin, and 100 mg/ml streptomycin. The cells were cultured
at 37 �C in a humidified atmosphere containing 5% CO2 pressure.
When the cells had achieved 70e80% confluence, differentiation of
myoblasts into myotubes was induced by replacing the media with
DMEM containing 2% horse serum, 2 mM glutamine, 100 unit/ml
penicillin, and 100 mg/ml streptomycin. Four days after fusion, the
differentiated myotubes were used for the experiments.

2.2. Lentivirus-mediated shRNA targeting mouse TNF-a

The shRNA-mediated knockdown of TNF-awas performed using
shRNA lentiviral particles (Santa Cruz Biotechnology, Inc., Heidel-
berg, Germany), which were designed to suppress the production
of TNF-a in mouse cells. C2C12 cells that were transduced with
shRNA lentiviral particles with noneffective scrambled shRNA se-
quences were used as the control (scrambled control). The cells at a
density of 3 � 105 cells per dish were seeded onto 35 mm dishes.
After 1 day of seeding, 200 ml of lentiviral particles in 2 ml DMEM
medium containing 10% FBS were added to the cultures, which
were then incubated for 24 h in 5% CO2 at 37 �C. The cells that were
successfully infected by lentiviral particles were selected using
3 mg/ml puromycin in the presence of 10% FBS for 48 h. The cells
were then harvested and subjected to western blot analysis to
determine the efficiency of the used lentiviral particles for sup-
pressing TNF-a gene expression.

2.3. Palmitate treatment

Palmitate was conjugated with the fatty acids-free BSA. Briefly,
different concentrations of sodium palmitate were solved in 50%
ethanol and added to DMEM containing 1% BSA. Then, thismedium,
incubated at 37 �C for 2 h on a shaker. After 2 h, the prepared
medium was filtered and used for the treatment of C2C12
myotubes.

2.4. Western blot analysis

C2C12 cell lysate was prepared by homogenization in modified
RIPA buffer (50 mM TriseHCl pH 7.4, 1% Triton X-100, 0.2% sodium
deoxycholate, 0.2% SDS, 1 mM Na-EDTA, 1 mM PMSF) supple-
mented with protease inhibitor cocktail (Roche, Mannheim, Ger-
many). For detection of phospho protein, a buffer consisting of
50 mM HEPES pH 7.5, 150 mM NaCl, 100 mM NaF, 10 mM EDTA,
10 mM Na4P2O7, 2 mM NaVO4, and protease inhibitor cocktail was
used. Protein concentration was determined using the Bradford's
method [30]. 20e30 mg of total protein was fractionated by SDS-
PAGE. The gel was then transferred onto a PVDF membrane (Mil-
lipore, Schwalbach, Germany), blocked in blocking buffer overnight
(5% skimmed milk in TBST buffer), and incubated for 1 h with
primary antibodies diluted in TBST containing 1% BSA. Primary
antibodies usedwere as follows: TNF-a, p-IRS-1 (Tyr632), and IRS-1
(Santa Cruz Biotechnology, Santa Cruz, USA), Akt, and phospho-Akt
(Ser473) (Cell Signaling Technology, Beverly, MA, USA), b-actin
(Abcam, Cambridge, MA, USA). The membrane was then incubated
with secondary antibody conjugated to HRP (Santa Cruz Biotech-
nology, Santa Cruz, USA) for 1 h and detectionwas performed using
ECL reagents (Amersham Pharmacia Corp, Piscataway, NJ, USA).
Films were scanned and protein bands quantified using Scion Im-
age software. Each experiment was performed at least three times.

2.5. Glucose uptake assay

Glucose uptake was assayed by measuring the uptake of [3H]2-
DOG ([3H]2-deoxyglucose) (Amersham Pharmacia Corp, Piscat-
away, NJ, USA) in C2C12 cells. Glucose uptake measurements were
performed in three independent experiments. Briefly, after 4 days
of differentiation, myotubes were treated with 0.75 mM palmitate
for 16 h followed by a serum starvation for 2e3 h in DMEM plus
0.1% BSA. Myotubes were then treated with or without 100 nM
insulin for 30 min and washed two times with wash buffer [20 mM
HEPES (pH 7.4), 140 mMNaCl, 5 mMKCl, 2.5 mMMgSO4, and 1mM
CaCl2]. These cells incubated in the transport buffer (wash buffer
containing 0.5 mCi [3H]2-DOG/ml and 10 mM 2-DOG) for 10 min.
Afterwards, cells were lysed in 0.05 M NaOH and [3H]2-DOG levels
were counted in the cell lysate using a scintillation counter.
Nonspecific uptake was determined by incubating the cells in the
presence or absence of 10 mM cytochalasin B.

2.6. Statistical analysis

All data were expressed as the means ± standard deviation (SD)
of at least three independent experiments. Analysis of data was
performed using SPSS ver. 18.0. Comparisons among groups were
performed with the one-way analysis of variance (ANOVA) and
Student's t-tests, where appropriate. If statistical significance was
found, the Tukey post hoc test was performed. Values of P < 0.05
were considered statistically significant.

3. Results

3.1. Palmitate induces TNF-a expression in C2C12 skeletal muscle
cells

As shown in Fig. 1(A), treatment by 0.75 mM palmitate at all
times markedly increased the protein expression levels of TNF-a in
C2C12 cells (P < 0.05). These increments in TNF-a protein expres-
sion at times 8 h, 16 h, and 24 h were approximately 1.5-, 2.56-, and
2.48-fold, respectively, compared with the control cells. According
to our statistical analysis, significant differences in TNF-a protein
levels between treatment time 8 h and other times were found;
however, there was no significant difference between the times
16 h and 24 h. Hence, we selected time 16 h for all following
palmitate treatments.

3.2. TNF-a knockdown in C2C12 cells

Western blot analysis was carried out to determine the protein
expression level of TNF-a in C2C12 cells. As demonstrated in



Fig. 1. (A). Effect of palmitate on TNF-a protein levels. Time course of TNF-a protein expression in the presence of 0.75 mM palmitate. (B) Levels of TNF-a protein expression in
C2C12 myotubes after transduction with lentiviral particles. (1) Myotubes were transduced with TNF-a-shRNA lentiviral particles. (2): Untransduced control myotubes. (3)
Myotubes were transduced with lentiviral particles carrying noneffective scrambled shRNA (scrambled control cells). Western blot analysis was performed using antibodies against
TNF-a and b-actin (internal control). Levels of TNF-a protein were normalized by b-actin protein. *, P < 0.01 vs. all other groups. #, P < 0.05 vs. 16 h and 24 h.
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Fig. 1(B), the protein expression level of TNF-a was significantly
decreased by nearly 70% (P < 0.01) in C2C12 cells that transduced
with a specific TNF-a-shRNA lentiviral particles in comparisonwith
that of the control and scrambled control cells. No significant dif-
ference was detected in TNF-a protein level between control and
scrambled control cells (P > 0.05).
3.3. Effects of palmitate treatment and TNF-a knockdown on insulin
signaling

The results showed that TNF-a knockdown cells had no signifi-
cant difference in IRS-1 (Tyr632) phosphorylation with respect to
the control, in the presence and absence of insulin (P> 0.05) (Fig. 2).
Furthermore, compared with the untreated control cells, treatment
with 0.05mMpalmitate significantly (P< 0.01) reduced the insulin-
induced phosphorylation of IRS-1 (Tyr632) in C2C12 cells. Inter-
estingly, even in the presence of palmitate, this phosphorylation did
not significantly reduce in TNF-a knockdown, as comparedwith the
untreated control cells (P > 0.05). We also evaluated the effects of
palmitate on Akt phosphorylation in both TNF-a knockdown and
control cells (Fig. 3). Our finding also indicated that TNF-a knock-
down cells had no significant difference in Akt (Ser473) phosphor-
ylation with respect to the control, in the presence and absence of
insulin (P > 0.05). However, compared with untreated control cells,
palmitate treatment resulted in a marked reduction (66%) in
insulin-induced Akt phosphorylation (Ser473) in C2C12 cells
(P< 0.01), while therewas no significant decrease in the level of Akt
phosphorylation in TNF-a knockdown cells under this condition
(P < 0.05). Taken together, these data showed that TNF-a down-
regulation maintains the activity of key elements of the insulin
signaling pathway even in the presence of palmitate.
3.4. Effects of palmitate treatment and TNF-a knockdown on
glucose uptake

To determine the possible inhibitory effect of TNF-a on glucose
uptake in C2C12 cells, [3H]2-DOG uptake was measured. In the
absence of palmitate, insulin-stimulated glucose uptake was not
significantly different between TNF-a knockdown and control cells,
and insulin stimulation led to significant increases in glucose up-
take in both groups (Fig. 4). Palmitate treatment reduced Insulin-
stimulated glucose uptake in C2C12 cells by nearly 38% (P < 0.01)
with respect to the untreated control cells. However, surprisingly,
palmitate was not able to reduce insulin-stimulated glucose uptake
in TNF-a knockdown cells in comparisonwith the untreated control
cells (P < 0.01). These results indicate that knockdown of TNF-a
maintains insulin-stimulated glucose uptake in C2C12 cells even in
the presence of palmitate.
4. Discussion

Insulin resistance is a metabolic disorder in which target cells
fail to respond to normal levels of circulating insulin. Many studies
have been carried out to determine the genetic and environmental
factors involved in insulin resistance. In this connection, several
genes involved in insulin resistance have been investigated, of
which TNF-a has attracted much attention in recent years. It has
been reported that insulin resistance is associated with elevated
plasma levels of TNF-a [31], and its expression is increased in adi-
pose tissue [25e27,32e34] and skeletal muscle of insulin-resistant
cases [22e24,29,35,36]. Several studies have shown that increasing
the concentration of the fatty acid palmitate, the most abundant
saturated fatty acids in plasma, leads to insulin resistance in insulin



Fig. 2. The effect of palmitate on Tyr632 phosphorylation of IRS-1 in TNF-a knockdown C2C12 and control cells. Western blot analysis was done against IRS-1 (internal control) and
phospho-Tyr632 of IRS-1 molecules. Phospho-Tyr632 level was normalized using its corresponding IRS-1 protein level. Ins: Insulin. *, P < 0.01.
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target tissues [10,16,17,35,37,38]. To determine, the possible role of
TNF-a as a mediator for the inhibitory effects of FFAs on insulin
signaling, we studied the time course of TNF-a protein levels in
C2C12 myotubes under treatment with palmitate. Consistent with
previous studies reporting elevated expression of TNF-a in skeletal
muscle in palmitate-induced insulin resistance states
[29,34,39e41], our results demonstrated that the high concentra-
tion of palmitate (0.75 mM) for 16 h induced TNF-a protein levels.
This implies that the pathological concentration of palmitate may
partly be responsible for TNF-a overexpression observed in insulin
resistance muscle.

TNF-a-induced insulin resistance appears to involve down-
regulation of several known proteins required for insulin
signaling. A major negative regulatory role to insulin action is
attributed to agents that enhance Ser/Thr phosphorylation of either
the receptor itself or of its downstream effectors such as Akt
[36,42e44]. TNF-a induces Ser/Thr phosphorylation of IRS-1 while
it diminishes insulin-induced Tyr phosphorylation of IRS-1 [20,44].
In agreement with these reports, we also showed that 0.75 mM
palmitate can significantly reduce insulin-stimulated Tyr632 IRS-1
and Ser473 Akt phosphorylations in C2C12 skeletal muscle cell.
Consequently, we measured the glucose uptake in these cells to
determine whether these reduced phosphorylations can cause the
inhibition of insulin stimulated glucose uptake. Our finding showed
that palmitate treatment reduced Insulin-stimulated glucose up-
take in C2C12 cells by nearly 38%. Here, we demonstrated insulin
resistance-inducing effect of palmitate is mediated, at least partly,
via increasing TNF-a protein expression, which can reduce insulin
signaling and finally insulin stimulated glucose uptake in skeletal
muscle. Furthermore, TNF-a has been proposed to stimulate the
production of diacylglycerol (DAG) and ceramide, which have been
implicated in the pathogenesis of skeletal muscle insulin resistance
[14,45,46].

To rule out the simple coincidence between increased TNF-a
protein levels and inhibition of insulin signaling and glucose up-
take, we specifically decreased TNF-a protein expression in myo-
tubes using TNF-a-shRNA lentiviral particles and then treated them
with palmitate. Transduction of myotubes with this shRNA resulted
in nearly 70% reduction in TNF-a protein levels in comparison with
that of the control cells. Our results showed that reduction of TNF-a
protein expression in C2C12myotubes improves insulin-stimulated
Tyr632 IRS-1 and Ser473 Akt phosphorylations even in the pres-
ence of palmitate, while treatment with palmitate resulted in about
60% reduction of insulin-induced IRS-1 and Akt phosphorylation in
control cells. In addition, surprisingly, palmitate was not able to
reduce insulin-stimulated glucose uptake in TNF-a knockdown
cells and these myotubes remained sensitive to insulin even in the
presence of pathologic dose of palmitate. Here, we showed that
TNF-a inhibition attenuates insulin resistance induced by palmi-
tate, suggesting the role for PTP1B as a mediator in palmitate
induced insulin resistance. These results are in line with the other
studies showing that the reduction of TNF-a activity through
different approaches, including disruption of TNF-a gene and
neutralizing antibodies resulted in improved insulin sensitivity in
animal models [47e49]. However, the direct effect of TNF-a
knockdown, specifically in skeletal muscle cells, on the palmitate-



Fig. 3. The effect of palmitate on Ser473 phosphorylation of Akt in TNF-a knockdown C2C12 and control cells. Western blot analysis was done against Akt (internal control) and
phospho-Ser473 of Akt molecules. Phospho-Ser473 level was normalized using its corresponding Akt protein level. Ins: Insulin. *, P < 0.01.

Fig. 4. The effect of palmitate on glucose uptake in TNF-a knockdown and control cells.
Myotubes were grown in the absence and presence of 0.75 mM palmitate for 16 h.
Glucose uptake was then measured in the presence or absence of insulin (Ins). The
figure shows representative data gained from mean ± SD of three independent ex-
periments. *, P < 0.01.
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induced insulin resistance has not been previously reported and the
present study is the first report in this regard.

In summary, the data presented here indicate that palmitate can
dysregulate insulin signaling, at least partly, by increased expres-
sion of TNF-a in skeletal muscle cells. In addition, TNF-a down-
regulation maintains insulin sensitivity in these cells, even in the
presence of palmitate. Taking these findings together, TNF-a inhi-
bition could be a good strategy for the treatment of lipid-induced
insulin resistance and type 2 diabetes.
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