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As new regulators at the post-transcriptional level, microRNAs (miRNAs) are non-coding
19–22 nucleotide RNA molecules that are believed to regulate the expression of thousands of
genes. Since the monounsaturated fatty acid oleate can reverse insulin resistance induced by the
saturated fatty acid palmitate, we carried out microarray analysis to determine diﬀerences in
miRNA expression proﬁles in mouse muscle C2C12 cells that were treated with palmitate and
palmitate plus oleate. Among the altered miRNAs, the expression levels of miR-7a, miR-194,
miR-337-3p, miR-361, miR-466i, miR-706 and miR-711 were up- or down-regulated by palmitate,
but restored to their original level by oleate. These results were veriﬁed by quantitative RT-PCR
(QRT-PCR). Further studies showed that over-expression of miR-7 down-regulated insulin
receptor substrate 1 (IRS1) expression as well as inhibited insulin-stimulated Akt phosphorylation
and glucose uptake. The miRNA expression proﬁles correlated to oleate protection against
palmitate-induced insulin resistance in mouse muscle cells oﬀer an alternative understanding of
the molecular mechanism of insulin resistance.

Introduction
Insulin resistance is one of the key factors responsible for type
2 diabetes mellitus and is associated with a signiﬁcantly
increased risk of concurrent abnormalities including obesity,
hypertension, and cardiovascular disease.1 Skeletal muscle
accounts for most insulin-stimulated glucose utilization and
is, therefore, the main site of insulin resistance.2 Impairment of
glucose utilization and insulin sensitivity has been related to
the presence of high amounts of free fatty acids (FFA) in the
plasma.3 To mimic insulin resistant states in skeletal muscle,
murine C2C12 myoblasts pretreated with saturated fatty acids
often serve as a cellular model.4 Interestingly, saturated and
mono-unsaturated fatty acids diﬀer signiﬁcantly in their
contribution to insulin resistance.4,5 Previous studies have shown
that oleate can reverse palmitate-induced insulin resistance and
inﬂammation in skeletal muscle cells, however the intrinsic
molecular mechanisms have not been fully elucidated.6
Recently, our understanding of complex gene regulatory
networks governing cell physiology has evolved rapidly with
the discovery of microRNAs (miRNAs). miRNAs are an
abundant class of short endogenous non-coding RNAs that
are about 19–22 nucleotides (nt) in length.7 They negatively
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regulate the expression of many protein-coding genes through
pairing interactions with the 3 0 untranslated region (UTR) of
their mRNAs, resulting in direct cleavage or translational
repression in a combinatorial fashion.8 miRNAs execute
their functions in diﬀerent cellular processes by targeting an
estimated 10%–30% of all protein-coding genes.9,10 Important
roles for miRNAs have emerged in the control of metabolic
pathways, as suggested by studies implicating miRNAs in the
regulation of fat metabolism, adipocyte diﬀerentiation, energy
homeostasis, glucose-stimulated insulin secretion, and insulin
resistance.11–14 In particular, recent studies that identiﬁed the
miRNA signature related to insulin sensitivity in skeletal muscle
reveal the involvement of miRNAs in post-transcriptional
regulation of insulin resistance in this tissue.15–17 Palmitatealtered miRNA expressions are also reported to contribute to
fatty acid-mediated pancreatic b-cell dysfunction.18
In order to unravel the potential roles of miRNAs in the
post-transcriptional events involved in insulin resistance and
to comprehensively understand the complicated molecular
mechanisms of insulin resistance from a new angle, especially
the protective eﬀects of oleate on palmitate-induced insulin
resistance in skeletal muscle cells that consume about 70%
blood glucose,19 we used an insulin resistant C2C12 model
that was identiﬁed to be instrumental in the study of insulin
resistance.20 We performed a microarray analysis which
revealed distinct miRNA expression proﬁles in palmitatetreated, palmitate plus oleate-treated and normal C2C12 cells.
The results of the microarray study were conﬁrmed by
quantitative RT-PCR (QRT-PCR). Using our microarray
Mol. BioSyst., 2011, 7, 871–877
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analysis data, we classiﬁed the altered miRNAs according to
patterns in the changes of their expression level and analyzed
them according to the GO function of their potential target
genes. We found that several miRNAs, including miR-7, were
up- and down-regulated by palmitate, but restored by
palmitate plus oleate. Further studies on miR-7 showed that
miR-7 acts as a mediator for palmitate-reduced insulin
sensitivity and insulin receptor substrate 1 (IRS1) is one of
the miR-7 target genes.

clustering and correlation analysis were performed on our
miRNA expression proﬁles. Low intensity diﬀerentially
expressed miRNAs (which had Foreground  Background
intensities of o50 in two compared samples) were ﬁltered
before further screening. The threshold value used to screen
up- and down-regulated miRNAs was a fold change 41.50
and a fold change o0.67. Based on the results from miRNA
GO function analysis and target prediction, miRNAs of
interest were further veriﬁed using QRT-PCR.

Materials and methods

Conventional real-time RT-PCR and real-time assay of
miRNAs

Cell culture
Mouse myoblast cell line C2C12 (ATCC) and rat myoblast cell
line L6 over-expressed with myc-Tagged glut 4 (L6-GLUT4myc,
from Dr. Amira Klip, Division of Cell Biology, The Hospital
for Sick Children, Toronto, Ontario, Canada) were cultured in
Dulbecco’s modiﬁed Eagle’s medium (DMEM) and modiﬁed
Eagle’s medium (a-MEM) respectively, supplemented with
2 mM L-glutamine and 10% heat-inactivated fetal bovine
serum (FBS) in humidiﬁed incubators at 37 1C and 5% CO2.
To set up the insulin-resistant cellular model, C2C12 cells were
treated with freshly prepared DMEM containing 500 mM
palmitate and FBS for at least 12 h before further investigation.
To study the protective eﬀect of oleate on palmitate-induced
insulin resistance, C2C12 cells were simultaneously treated
with freshly prepared culture medium containing 500 mM
palmitate and 200 mM oleate for 12 h before further investigation.
To detect insulin sensitivity C2C12 cells were transferred to a
serum-free medium in the presence or absence of insulin.
RNA preparation
Total RNA from palmitate-treated, palmitate plus oleatetreated, and normal mouse C2C12 cells was prepared using
the Trizol extraction technique. All RNA samples were treated
with DNase I (Qiagen) according to the manufacturer’s
protocol. The quality and quantity of the RNAs was assessed
by taking A260/A280 nm readings using a NanoDrop1000
spectrophotometer (NanoDrop Technologies). RNA integrity
was determined by running an aliquot of the RNA samples on
a denaturing agarose gel, followed by staining with ethidium
bromide. The ratio of 28S rRNA to 18S rRNA was 2 : 1,
indicating that there was no detectable degradation in the
RNA samples.
Microarray experiments
After quantifying the RNA on a NanoDrop instrument,
samples were labeled using a miRCURYt Hy3t/Hy5t Power
labeling kit and hybridized onto a miRCURYt LNA Array
(v.11.0, Exiqon). Scanning was performed with an Axon
GenePix 4000B microarray scanner. GenePix pro V6.0 was
used to read the raw intensity of the image.
The intensity of the green signal was calculated after background subtraction and the median value of four replicated
spots of each probe on the same slide was calculated. The
‘‘Normalized Data’’ were obtained with U6-snRNA intensity
as an internal control, Normalized Data = (Foreground 
Background)/‘‘U6-snRNA-2’’. Unsupervised hierarchical
872
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Conventional reverse transcriptase reactions were performed
with a Takara reverse transcriptase reaction kit according to
the user manual (Takara). The cDNA was then used as a
template for real time-PCR quantiﬁcation of the target genes
using gene speciﬁc primers in combination with SYBR
Real-time PCR master mix (Applied Biosystems). Diﬀerences
in the levels of the target genes among the samples were
converted into fold-changes using the 2DDct method of Livak
and Schmittgen.21 Brieﬂy, the relative level of the target gene
normalized to beta-actin was calculated using the following
equation: fold change = 2Ct target (control)Ct target (treatment)/
2Ct actin (control)Ct actin (treatment).
miRNA reverse transcriptase reactions were performed with
an ABI miRNA reverse transcriptase reaction kit (Applied
Biosystems) according to the user manual. Brieﬂy, a 7.5 ml
reaction cocktail was prepared by mixing 5 mg of the RNA
samples with an appropriate volume of DEPC H2O, 50 nM
stem–loop RT primer, RT buﬀer, 0.25 mM each of dNTPs,
3.33 U mL1 MultiScribe reverse transcriptase and 0.25 U mL1
RNase inhibitor. The cocktail was incubated for 30 min at
16 1C, 30 min at 42 1C, and 5 min at 85 1C. The cDNA was
then used as a template for real-time PCR quantiﬁcation of
miRNAs using miRNA speciﬁc primers and TaqMan probes
using TaqMan miRNA expression assays kit (Applied
Biosystems). Real-time PCR was performed on an Applied
Biosystems StepOnet Real-Time PCR System according to
the manufacturer’s protocol using aliquots of cDNA equivalent
to 25 ng of the total RNA in a total PCR reaction mixture of
50 mL [initial activation at 95 1C for 10 min followed by threestep cycling (45 cycles) of denaturation at 94 1C for 15 s,
annealing at 55 1C for 30 s and extension at 72 1C for 30 s]. All
reactions were performed in triplicate. Diﬀerences in the levels
of miRNAs amongst the samples were converted into foldchanges using the 2DDct method as described above except
that the internal control was U6 snRNA.
2-Deoxyglucose uptake
L6-GLUT4myc myoblasts were cultured to conﬂuence,
diﬀerentiated and treated with fatty acids. After the treatments
indicated, L6 myotubes were washed 3 times with warm
Kerbs–Ringer Hepes buﬀer (KRBH) (120 mM NaCl, 25 mM
Hepes, 4.6 mM KCl, 1 mM MgSO4, 1.2 mM KH2PO4 and
1.9 mM CaCl2, pH 7.4). The cells were stimulated with 100 nM
insulin or incubated with KRBH buﬀer for 10 min, and
0.5 mCi 2-DG mL1 and 50 mM unlabelled 2-deoxyglucose
were then added for another 5 min. After the incubation, the
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cells were washed 3 times with ice-cold KRBH buﬀer and then
lysed with 1% SDS for 5 min before quantifying the radioactivity using a scintillation counter (1450 MicroBeta
TriLux Microplate Scintillation and Luminescence Counter,
PerkinElmer) according to the manufacturer’s protocol.
Non-speciﬁc 2-DG uptake was determined by quantifying
the radioactivity of cells pretreated with 10 mM cytochalasin
B for 10 min.

anti-Akt (1 : 2000, Cell Signaling) and anti-phosphorylated
Akt (1 : 2000, Cell Signaling). After incubating the membranes
with a secondary antibody for 1 h, chemiluminescent
immunodetection was employed. The signal was visualized
by exposing the membranes to PerkinElmer ECL autoradiography ﬁlm. Experiments were carried out at least twice
using the same cell lysates.
Statistical analysis
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Prediction and experimental validation of miRNA targets
We sought to identify miR-7 target genes by bioinformatics
prediction and experimental validation. The databases used
for target prediction were microCosm (http://www.ebi.ac.uk/
enright-srv/microcosm/htdocs/targets/v5/) and microrna.org
(http://www.microrna.org/microrna/home.do). The sensor
vector of each target gene was constructed by replacing the
3 0 -UTR of ﬁreﬂy luciferase with the 3 0 UTR of the target gene
in a pGL3cM vector (kindly provided by Professor Deepak
Srivastava, University of Texas Southwestern Medical Center
and Children’s Medical Center, Dallas, USA). The primers for
amplifying the 3 0 -UTRs of the target genes are shown in Table
S1.w Reporter vectors containing miR-7 binding site sequences
(B51 bp) were generated and used as positive controls.
Synthetic miRNA mimic and negative control oligonucleotides were co-transfected with sensor vectors and the pRL-TK
vector (as an internal normalization control) into HEK-293
cells and then incubated for 24 h. Luciferase activity was
determined using a Dual Luciferase Reporter Assay System
(Promega) and a TD20/20 Luminometer (Turner BioSystems).
Each experiment was repeated three times, and means were
used in comparisons.
Pre-miR duplex and miRNA inhibitor nucleofection
Synthetic pre-miR duplex, miRNA inhibitor and corresponding
negative control oligos were delivered separately into C2C12
or L6 cells using an Amaxas Nucleofectors according to the
manufacturer’s instructions. Brieﬂy, cell pellets obtained after
90  g centrifugation at room temperature for 10 min were
resuspended in 100 mL Nucleofector solution to a ﬁnal
concentration of 1106–5106 cells/100 mL. The 100 mL
sample was then transferred into an Amaxa-certiﬁed
cuvette and subjected to nuclofection using the appropriate
Nucleofector program. After nucleofection, the sample was
immediately transferred from the cuvette to a 60 mm plate
containing 2 mL of pre-warmed medium. Cells were treated,
or collected for further investigation after culturing for 24 h.

All data are reported as the mean  SEM. The statistical
signiﬁcance of alterations in the miRNA expression patterns
among the three groups of C2C12 cells was determined
using the Mann–Whitney un-paired two-tailed t-test. The
statistical signiﬁcance of alterations in the expression patterns
of the miRNA targets was determined using the two-tailed
Student’s t-test. P values o 0.05 were considered statistically
signiﬁcant.

Results
Oleate reverses palmitate-induced insulin resistance in C2C12
cells
To establish an insulin resistant skeletal muscle cell model,
C2C12 cells were incubated with high concentrations of a
dietary saturated fatty acid, palmitic acid (PA), for 12 h and
the eﬀects of PA on insulin-stimulated Akt phosphorylation
were examined as previously described.6 As shown in Fig. 1,
the insulin-stimulated p-Akt level was signiﬁcantly reduced
compared with the control after a 12 h incubation with PA.
These data suggest that C2C12 cells cultured in excess PA
developed insulin resistance. Meanwhile, treatment of
C2C12 cells with a dietary mono-unsaturated fatty acid,
oleic acid (OA), reversed PA-induced insulin resistance shown
by the recovery of the p-Akt level (Fig. 1, lane 4 vs. 8).
OA alone did not aﬀect base- and insulin-induced Akt
phosphorylation (Fig. 1, lane 1 vs. 5, lane 2 vs. 6). Thus, we
used this cell model displaying oleate protection against
palmitate-induced insulin resistance in muscle cells for further
mechanistic study.

Western blotting
Cells were lysed directly with 2X SDS sample buﬀer after the
treatments indicated, sonicated twice (for 9 s each time, at
200 Watts), and denatured at 95 1C for 5 min. The samples
were loaded onto a 10% Tris-glycine gel (Bio-Rad) and run for
120 min at 110 V. The proteins were then transferred onto a
PVDF membrane (Millipore) for 2 h at 200 mA. Subsequently,
membranes were blocked in 5% Blotto non-fat dry milk in
TBST buﬀer containing 1% Tween-20 for 1 h and were probed
overnight with the following primary antibodies: anti-IRS1
(1 : 5000, Santa Cruz), anti-actin (1 : 5000, Cell Signaling),
This journal is
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Fig. 1 Oleate reverses palmitate-induced insulin resistance in C2C12
cells. C2C12 cells were incubated for 12 h in the presence or absence of
diﬀerent fatty acids (0.5 mM palmitate, 0.2 mM oleate, or 0.5 mM
palmitate plus 0.2 mM oleate). Cell lysates were assayed by Western
blotting with antibodies against total and phosphorylated-Akt
(Ser473).
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Identiﬁcation of miRNAs that are correlated with oleate
protection against palmitate-induced insulin resistance
Using microarray techniques, we compared miRNA expression
levels in C2C12 cells treated with palmitate alone or palmitate
plus oleate. We screened and divided all altered miRNAs into
four subgroups based on their expression patterns (Table S2w):
(1) those up-regulated by palmitate compared with the
control; (2) those down-regulated by palmitate compared with
the control; (3) those up-regulated by palmitate plus oleate
compared with palmitate alone; and (4) those down-regulated
by palmitate plus oleate compared with palmitate alone. The
pattern of seven miRNAs (6 miRNAs present in both groups 1
and 4; and 1 present in both groups 2 and 3) (Table 1) was
correlated to the change in insulin signal caused by PA or PA
plus OA. To validate the ﬁndings of the microarray studies,
these miRNAs were ﬁrst quantiﬁed by QRT-PCR. Trends in
the changes in the miRNA levels were generally similar to
those observed in the microarray studies (Fig. 2A). In
particular, we detected the expression proﬁles of miR-7 over
time in C2C12 cells treated by palmitate or palmitate plus
oleate. Disparities in the miRNA expression proﬁle curves
between palmitate-treated C2C12 cells and palmitate plus
oleate-treated C2C12 cells increased with treatment time
(Fig. 2B), conﬁrming that OA could block PA-induced
miR-7 expression.
Negative eﬀects of miR-7a on the insulin signaling pathway
As described above, several potential miRNAs were shown to
be related to oleate protection against palmitate-induced
insulin resistance in C2C12 cells. Based on GO function
analysis of predicted miRNA target genes and the relative
abundance of miRNAs, we chose miR-7a for further study.
First, we examined the eﬀect of miR-7a on the insulin
signalling pathway by measuring the level of phosphorylated
Akt. Pre-miR-7a duplex-nucleofected C2C12 cells which had
undergone short-term exposure to insulin showed that Akt
phosphorylation was signiﬁcantly reduced compared with
pre-miR-nucleofected controls (Fig. 3A). Since the mature
sequence of miR-7 is highly conserved in mammals, we
speculated that the function of miR-7 is also conserved and
that pre-miR-7a duplex can be used to examine the eﬀect of
miR-7a on glucose uptake in rat muscle L6 cells. Results
showed that miR-7a did indeed reduce insulin-mediated
glucose uptake in L6 cells (Fig. 3B). Taken together, our
results indicate that miR-7a has an inhibitory eﬀect on the

insulin signalling pathway, which partially resembles palmitate
treatment-induced insulin resistance.
miR-7a inhibits IRS1 expression
Having shown that miR-7a plays a negative role in the
regulation of the insulin signalling pathway, we analyzed
and screened potential target genes by bioinformatic methods.
Several putative miR-7a target genes (Table 2) were selected
for further veriﬁcation based on their function and the
complementarity between miR-7 and the corresponding
binding sites in the 3 0 -UTRs of their mRNAs. We cloned
intact 3 0 -UTRs of each putative target gene mRNA using
luciferase as a sensor to measure the eﬀect of miR-7a. Sensor
constructs were individually nucleofected with pre-miR-7
duplex or negative control pre-miR and the relative fold
change of each construct was normalized to the internal
control (Fig. S3w). In parallel, we tested the eﬃciency of our
pre-miR-7a duplex transfection with a miR-7 positive control
reporter construct, a plasmid containing two tandem, fully
complementary, miR-7 target sites in the 3 0 -UTR of luciferase.
Pre-miR-7 duplex dramatically down-regulated reporter gene
activity, indicating high transfection eﬃciency and eﬃcacy
(P o 0.001; Fig. 4A). Of the putative target genes, the
level of IRS1 mRNA and protein in pre-miR-7a duplex
nucleofected C2C12 cells was further investigated by real-time
PCR and immunoblotting. Consistent with results from the
reporter gene assay, the IRS1 protein level was markedly
decreased by pre-miR-7a duplex (Fig. 4C) whereas the IRS1

Table 1 Alteration of miRNAs correlates with oleate protection
against palmitate-induced insulin resistance in C2C12 cells
Fold Change (normalized data)
Name

PA/con

(PA + OA)/PA

mmu-miR-7a
mmu-miR-194
mmu-miR-337-3p
mmu-miR-361
mmu-miR-466i
mmu-miR-706
mmu-miR-711

1.612
1.571
1.815
1.774
0.422
2.040
1.802

0.610
0.429
0.345
0.474
1.398
0.417
0.605
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Fig. 2 Veriﬁcation of miRNAs of interest using quantitative RTPCR. (A) Expression levels of individual miRNAs in C2C12 cells
treated with vehicle control, palmitate (PA) or palmitate plus oleate
(PA + OA) were detected by QRT-PCR using miRNA-speciﬁc
primers and normalized to the level of U6 snRNA expression. (B)
Time course of miR-7a expression after exposure to palmitate (PA) or
palmitate plus oleate (PA + OA). Changes in miRNA levels were
determined by QRT-PCR and normalized against the expression level
of U6. Values are presented as mean fold-change  SEM (n = 3).

This journal is

c

The Royal Society of Chemistry 2011

Downloaded by Institute of Biophysics,CAS on 28 March 2011
Published on 23 December 2010 on http://pubs.rsc.org | doi:10.1039/C0MB00230E

View Online

Fig. 3 miR-7a negatively regulates the insulin signalling pathway. (A) Levels of phosphorylated Akt (p-Akt) and total Akt in pre-miR-7a or
control pre-miR nucleofected C2C12 after short-term insulin treatment, as detected by Western blotting. (B) [3H]2-deoxyglucose uptake in
pre-miR-7a or control pre-miR nucleofected L6 cells with or without insulin treatment was measured as described in the Materials and Methods.

mRNA level showed a decreasing trend, but not a signiﬁcant
change (Fig. 4B).

Discussion
As new members of the gene expression regulatory network,
individual miRNAs are believed to moderately aﬀect the
expression levels of hundreds of target genes simultaneously.22,23
In addition, a given target gene can be regulated by several
functionally related miRNAs.8 miRNA expression proﬁle
changes in response to a speciﬁc stimulus can provide
useful information about the regulation of gene expression
particularly at the post-transcriptional level. The miRNA
array system is a high-throughput method for providing
abundant information on miRNA expression proﬁles and will
help us uncover post-transcriptional events related to insulin
resistance. In this study, we identiﬁed several miRNAs related
to oleate protection against palmitate-induced insulin
resistance in skeletal muscle cells and thus provide a new
approach for better understanding the complicated molecular
mechanisms of insulin resistance.
Insulin signalling is mediated by a highly complex network
controlling a variety of diﬀerent processes. Brieﬂy, in the
presence of insulin, the insulin receptor phosphorylates the
insulin receptor substrate (IRS) proteins, which are linked to
the activation of two main signalling pathways: the metabolic
phosphatidylinositol 3 kinase (PI3K)/protein kinase B (PKB,
Table 2

also known as Akt) pathway, responsible for most of the
metabolic actions of insulin, and the mitogen-activated protein
kinase (MAPK) pathway.24
Interestingly, miR-7 has been shown to decrease viability
and invasiveness of glioblastoma cells by inhibiting the Akt
pathway through down-regulation of IRS1 and IRS2 (Kefas
et al., 2008). In our study, we found that miR-7a could be
up-regulated by palmitate and restored by oleate (Fig. 2).
Similar to previous report (Kefas et al., 2008) and predictions
(Table 2), miR-7a also showed its inhibitory eﬀect on the
insulin signaling pathway by targeting IRS1 in C2C12 cells
(Fig. 3 and 4). In addition, miR-7a may also target many
glucose and lipid metabolic genes, such as phosphoenolpyruvate carboxykinase 1 (PCK1) stearoyl-CoA desaturase
(SCD), peroxisome proliferator-activated receptor alpha
(PPARa), and peroxisome proliferative activated receptor
gamma co-activator 1 alpha (PGC-1a) (Fig. S3w). Previous
studies have shown that diﬀerent eﬀects of saturated and
unsaturated fatty acids are related to their ability to promote
DAG accumulation, and that palmitate resulted in the
down-regulation of PGC-1a and acyl-coenzymeA: diacylglycerolacyltransferase2 (DGAT2), the enzyme that controls
the rate of triglyceride (TAG) synthesis from DAG. In contrast,
co-incubation of palmitate-exposed cells with oleate reversed
these changes.6
When we attempted to use a miR-7a inhibitor to reconcile
palmitate-induced insulin resistance in skeletal muscle cells the

Potential miR-7a target genes in humans

Putative target gene
Insulin receptor substrate1 (IRS1)
Insulin receptor substrate2 (IRS2)
Insulin degradation enzyme (IDE)
Phosphoenolpyruvate carboxykinase 1 (PCK1)
Inositol hexaphosphate kinase 1 (IP6K1)
Phospholipase D1 (PLD1)
Stearoyl-CoA desaturase (delta-9-desaturase) (SCD)
Acyl-CoA synthetase long-chain family member 4 (ACSL4)
Epidermal growth factor receptor (EGFR)
Peroxisome proliferative activated receptor gamma coactivator
1 (PPARGC1)
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miR-7 target sequence
0

Function
0

5 -aaGAGGAAAUUAAAGUCUUCCa-3
5 0 -uuAAUGGCAAUGCAAAAGUCUUCCu-3 0
5 0 -uuAACUUAUCUUGCUCUGUCUUCCa-3 0
5 0 -ugGAUGCAUUCCUGA GUCUUCCa-3 0
5 0 -ugGGCAAGAUGACCUACUAGUUUUCCu-3 0
5 0 -ugguCACAAAUUACAGUCUUCUc-3 0
5 0 -cuAGUGAAUACAGUUUGUCUUUCa-3 0
5 0 -acuAUAAGGUGCCUCAGUUUUCCu-3 0
5 0 -agAAGAAAAUGUCUGUCUUUCu-3 0
5 0 -ggAGCACAAGCCACAAGTCTTCCA-3 0
5 0 -ucAGAGAGGUUAUUUGUUUUCCc-3 0

Insulin signaling
Insulin signaling
Insulin signaling
Gluoconeogenesis
Inositol metabolism
Lipid metabolism
Lipid metabolism
Lipid metabolism
Cell growth and
proliferation
Fatty acid oxidation
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palmitate-induced insulin resistance is a very complicated
process with many concurrent cellular events including the
modiﬁcation of insulin signalling molecules, inﬂammation, ER
stress, and oxidative stress to mitochondria, and miRNA
regulation may only be involved in some of these events.
Second, the action of several miRNAs may be required for
the regulation of a given cellular event. Our microarray results
have shown that the expression levels of seven miRNAs were
aﬀected by palmitate and restored by oleate. miR-7a is
therefore probably not the only miRNA that mediates
palmitate-induced insulin resistance. Nonetheless, it is useful
to use miR-7a to dissect molecular mechanism of insulin
resistance and to develop a diagnostic marker. In addition, it
is necessary to ﬁnd other suitable miRNAs as intervention
targets for the treatment of type 2 diabetes.

Abbreviations
miRNA, miR microRNA
QRT-PCR
quantitative reverse transcriptase polymerase
chain reaction
IRS1
insulin receptor substrate 1
3 UTR
3 untranslated region
PA
palmitic acid/palmitate
OA
oleic acid/oleate
FFA
free fatty acid
2-DG
2-deoxyglucose
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