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Abstract

We previously reported that early insulin treatment reduced intramuscular triglyceride content in type 2 diabetes mellitus Sprague-Dawley
rats; the underlying mechanisms are, however, not completely understood. Here we investigated the regulation of insulin on molecular
expressions involved in lipid metabolism pathways in skeletal muscle of high-fat–diet and streptozotocin-induced diabetic Sprague-Dawley
rats. Neutral protamine Hagedorn insulin and gliclazide were initiated at the third day after streptozotocin injection and lasted for 3 weeks.
Compared with normal rats, untreated diabetic rats had a 30% and 61% increase in lipoprotein lipase protein expression and activity, which
were decreased by insulin and gliclazide (P b .05). Fatty acid translocase protein was down-regulated by 45% in untreated diabetic rats, which
was up-regulated by 31% and 26% with insulin and gliclazide, respectively (P b .05). Insulin failed to affect fatty acid transport protein 1 and
fatty acid binding protein expressions. Carnitine palmitoyl transferase 1 had a 47% decrease in untreated diabetic rats, which was normalized
by insulin (P b .05). Moreover, compared with normal rats, untreated diabetic rats had higher expressions of sterol regulatory element–
binding protein 1c, tumor necrosis factor α, and Tyr705 phosphorylation of signal transducer and activator of transcription 3 levels, which all
were down-regulated after insulin treatment. These results suggested that early insulin reduced intramuscular triglyceride levels in diabetic
rats potentially through amelioration of lipid dysfunction and inhibition of lipid synthesis.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Lipid accumulation in muscle can be interpreted as the
consequence of increased supply of fatty acids and/or
decreased oxidation of lipids and/or increased lipid
synthesis [1,2].

Generally, circulating triglyceride is transported in the form
of lipoprotein, which is hydrolyzed by lipoprotein lipase (LPL)
for the delivery of fatty acids to muscle. Transgenic mice
specifically overexpressing LPL in skeletal muscle caused
elevated tissue triglyceride levels and insulin resistance [3],
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suggesting that increased capacity for the transfer of lipids
from triglyceride-rich lipoprotein particles to the muscle cells
can be involved in muscle triglyceride content [4-6]. The next
process regarding the uptake and movement of fatty acids into
the cell is not fully understood, but seems to be involved in
specific fatty acid transporters, including fatty acid translocase
(FAT), fatty acid binding protein (FABP), and fatty acid
transport protein 1 (FATP-1) [7]. Fatty acid translocase is
abundantly expressed in tissues with high metabolic capacity
for fatty acids. Transgenic mice overexpressing FAT in muscle
showed an enhanced ability of muscle to oxidize fatty acids in
response to stimulation and contraction, together with
decreased triglyceride levels [8]. Other proposed mediators
of fatty acids uptake are FABP and FATP-1, which were
reported to be correlated with fatty acids utilization in a variety
of different circumstances [7]. Fatty acids are taken up into the
cells and may enter a triglyceride pool for temporary storage;
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then their final fate will be oxidation. One step that may
possibly be rate limiting for mitochondrial oxidation is the
transport of fatty acids intomitochondria bymeans of carnitine
palmitoyl transferase 1 (CPT-1) [9-11]. A study investigating
the “in vitro” fat oxidation inmuscle biopsies of obese subjects
indicated that defect at CPT-1 level could contribute to the
reduced lipid oxidation in human skeletal muscle [12,13].
Moreover, it was reported that hyperglycemia may lead to a
reduction of CPT-1 activity and subsequently lower fatty acid
oxidation, then shunting toward lipid accumulation [14].

Another possibility controlling intramuscular triglyceride
(IMTG) deposition is through up-regulation of the de novo
lipogenesis in skeletal muscle. Sterol regulatory element–
binding protein 1c (SREBP-1c) is a critical transcriptional
regulator of lipid biosynthesis and glucose metabolism in
muscle, regulating gene expression of several enzymes
including fatty acid synthase (FAS), acetyl–coenzyme A
(CoA) carboxylase (ACC), and hexokinase II [15-17].
Expression of SREBP-1 in skeletal muscle is enhanced by
insulin, and insulin deficiency leads to a decrease in SREBP-
1 [18]. In addition, muscle SREBP-1c expression is also
regulated by hyperglycemia and nutritional status [15,17].
Aberrant regulation of SREBP-1c might underlie the
dyslipidemia that leads to lipid accumulation and insulin
resistance in skeletal muscle [19,20].

Our previous studies showed that early insulin therapy in
type 2 diabetes mellitus subjects [21,22] and animal models
improved insulin resistance and decreased IMTG [23]; the
underlying mechanisms are, however, not completely under-
stood. The aim of the study was therefore to determine the in
vivo regulation by insulin therapy of the expression of those
proteins involved in fatty acid metabolism in skeletal muscle
in the early stage of high-fat–fed, low-dose streptozotocin
(STZ)–treated diabetic rat, a model that was characterized by
mild hyperglycemia accompanied by insulin resistance
without significant elevation in insulin levels [23].
2. Materials and methods

2.1. Type 2 diabetes mellitus rat model

The type 2 diabetes mellitus rat model was developed as
previously described [23,24] using male Sprague-Dawley
rats (7-8 weeks, approximately 200 g; Southern Medical
University, Guangzhou, China). All procedures were in
accordance with the principles of laboratory animal care
(National Institutes of Health publication no. 85-23, revised
1985) and were approved by Sun Yat-sen University Animal
Care and Use Committee. The rats were randomly assigned
to normal diet (as a percentage of total kilocalories consisting
of 10% fat, 64% carbohydrate, and 26% protein) or a high-fat
diet (HFD) (consisting of 56% fat, 32% carbohydrate, and
14% protein). After 5 weeks, diabetes was induced in HFD
rats by a single intraperitoneal injection of STZ (Sigma, St
Louis, MO) at 40 mg/kg body weight (in 0.1 mol/L citrate-
buffered saline, pH 4.2) after an overnight fast. The control
rats were fasted in an identical manner and had a volume of
citrate-buffered saline, equal to that of the STZ solution,
injected by the same route. All animals continued on their
original diets for the duration of the study.

2.2. Treatment protocol

Treatment protocol had been described previously [23].
Briefly, the intervention study was initiated from the third
day after STZ injection. Weight- and glucose-matched rats
were further divided randomly into 4 groups of 6 animals
each, as follows:

NC group: normal control.
DM group: untreated diabetic rats during the intervention
study.
INS group: diabetic rats treated with neutral protamine
Hagedorn (NPH) insulin for 3 weeks from third day after
STZ injection.
GLI group: diabetic rats treated with gliclazide for 3
weeks from third day after STZ injection.

Rats were given NPH insulin (6-8 U/d, subcutaneous) or
gliclazide (80 mg/[kg d], oral gavage) for a total of 3 weeks in
the intervention study. The doses ofNPH insulin and gliclazide
were based on the preliminary study to reduce nonfasting
glucose concentration to less than 8 mmol/L in a week. After
the completion of treatment, all animals were maintained on
their previous diet for 3 days. Rats were anesthetized, and
tissue samples from skeletal muscle were removed from both
control and treated animals. Tissues were flash frozen in liquid
nitrogen and stored at −80°C for further analysis.

2.3. Biochemical analysis

Fasting blood was sampled from tail vein after overnight
fast. Blood glucose levels were tested by glucometer (Roche,
Basel, Switzerland) with samples run in duplicate, and serum
insulin levels were measured by radioimmunoassay using a
commercial kit (Linco Research, Missouri, USA) with
intraassay coefficient of variance less than 5.0%. Serum
levels of triglyceride and total cholesterol as well as
hemoglobin A1c (HbA1c) were detected using automatic
biochemistry analyzer.

For measurement of glucose-insulin index, an intrape-
ritoneal glucose tolerance test was performed 48 hours after
the end of intervention. Baseline glucose levels were
determined after a 12-hour fast, after which glucose
(1.5 g/kg body weight) was administered intraperitoneally
to nonsedated animals. Tail blood samples were taken at 0
(before glucose administration), 30, and 120 minutes after
administration of glucose. The glucose-insulin index was
calculated as the area under the glucose and insulin curve
(AUC), which is an indirect index of peripheral insulin
action on glucose disposal.

Skeletal muscle triglycerides were extracted and mea-
sured as described previously [23]. After dissecting any
visible adipose tissue, 100 mg of tissue was weighed and
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homogenized in a handheld tissue homogenizer using a
volume of ice-cold chloroform-methanol (2:1, vol/vol) 5
times the tissue weight. Triglycerides were extracted during
5 hours of shaking at room temperature. For phase
separation, chloroform was added, samples were centri-
fuged, and the organic bottom layer was collected. The
organic solvent was dried and dissolved in chloroform.
Triglyceride content of each sample was measured in
duplicate by use of an enzymatic method.

2.4. Preparation of nuclear and cytoplasmic extracts

After dissecting any visible adipose tissue, 100 mg of
muscle tissue was ground in a liquid nitrogen–cooled mortar
and pestle with lysis buffer. Nuclear and cytoplasmic
proteins were extracted as per manufacturer's recommenda-
tions (Pierce, Rockford, IL, USA). All centrifugation steps
were performed at 4°C, and all cell samples and extracts
were kept on wet ice during the procedure. Protein
concentration was quantified using the bicinchoninic acid
protein assay method. Nuclear and cytoplasmic fractions
were stored at −80°C until used.

2.5. Western blot analysis

Nuclear protein (80 μg) and cytoplasmic protein (120 μg)
were separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis on 10% polyacrylamide gels and
transferred to nitrocellulose. The membranes were blocked
for 2 hours at room temperature with 5% nonfat milk in Tris-
buffered saline containing 0.1% Tween 20. The specific
antibodies to SREBP-1, LPL, FATP-1, FABP, FAT, CPT-1,
tumor necrosis factor α (TNF-α), and phospho–signal
transducer and activator of transcription 3 (STAT3) (Tyr705)
(all from Santa Cruz Biotechnology, Santa Cruz, CA) were
diluted in 1:500 and incubated overnight at 4°C. For Sp3 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (all
from eBioscience, San Diego, CA, USA), specific antibodies
were diluted in 1:1000 and incubated overnight. The
membranes were then washed for 30 minutes using Tris-
buffered saline containing 0.1% Tween 20, followed by 1
Table 1
Characteristics of the experimental animals after 48 hours at the end of interventio

NC DM

Body weight (g) 489 ± 22 46
Fasting blood glucose (mmol/L) 4.73 ± 0.81 23.
Insulin (ng/mL) 0.67 ± 0.20 0.5
HbA1c (%) 4.17 ± 0.82 7.7
Cholesterol (mmol/L) 1.91 ± 0.39 2.1
Triglyceride (mmol/L) 1.05 ± 0.74 3.6
Muscle triglyceride (mmol/L) 0.29 ± 0.11 0.9
Glucose AUC (mmol/L × min) 607.4 ± 378.2 2880.
Insulin AUC (ng/mL × min) 55.2 ± 12.9 34.
Glucose-insulin index (U × 103) 49.9 ± 8.0 103.

Data are given as mean ± SD, and assays were performed on 4 to 6 animals in ea
⁎P less than .05 and †P less than .01 compared with values for normal control rat
‡P less than .05 and §P less than .01 compared with values for diabetic rats with n
hour of incubation with peroxidase-conjugated secondary
antibodies (1:2000; Boster, Wuhan, China); proteins were
visualized using the luminol reagent (Santa Cruz Biotechnol-
ogy). Band intensities were quantified by densitometry.

2.6. RNA isolation from rat skeletal tissue

Total RNA was extracted from frozen tissues using
standard Trizol RNA isolation method. The purity and
quality of RNAwere assessed using the DU640 nucleic acid
analyzer (Beckman, California, USA). RNA was visualized
using ethidium bromide and a 0.24- to 9.5-kilobase RNA
ladder to verify lack of degradation.

2.7. Quantitative real-time reverse transcriptase polymerase
chain reaction

Reverse transcription of 5 μg RNA was carried out
according to the instructions of SuperScript III First-Strand
Synthesis System for reverse transcriptase polymerase chain
reaction (PCR) (Invitrogen Life Science, California, USA).
Real-time PCR quantified amplifications of complementary
DNA with both sense and antisense oligonucleotides at a
final volume of 20 μL using the SYBR green TaqMan
Universal PCR Master Mix (Toyobo, Osaka, Japan), and
results were normalized against β-actin gene expression.
Primer sequences were as follows: rat SREBP-1c forward
primer (5′-GCAACACTGGCAGAGATCTACGT-3′), rat
SREBP-1c reverse primer (5′-TGGCGGGCACTACTTAG-
GAA-3′), rat β-actin forward primer (5′-GGAGAT-
TACTGCCCTGGCTCCTA-3′), and rat β-actin reverse
primer (5′-GACTCATCGTACTCCTGCTTGCTG-3′).

2.8. Colorimetry method for determining LPL activity

The activities of LPL were detected by colorimetric
method (Jiancheng Bioscience Technology, Nanjing, China).
The LPL could hydrolyze the triglyceride in intralipid into
glycerine and free fatty acid. By determining the amount of
free fatty acid by copper-reagent method and protein
concentration, we could measure the activities of LPL.
n study

INS GLI

4 ± 26 486 ± 38 459 ± 27
8 ± 3.91⁎ 9.63 ± 1.50⁎,§ 10.63 ± 1.46†,‡

9 ± 0.25 0.69 ± 0.23 0.72 ± 0.27
0 ± 1.04† 6.02 ± 1.55⁎,‡ 6.40 ± 0.35⁎,‡

7 ± 0.47 1.62 ± 0.40 1.90 ± 0.29
9 ± 0.73† 1.75 ± 0.48‡ 1.99 ± 1.17‡

8 ± 0.08⁎ 0.49 ± 0.09⁎,‡ 0.52 ± 0.06⁎,‡

5 ± 365.8† 2187.0 ± 351.9†,§ 2394.6 ± 143.2†,§

8 ± 1.2† 37.2 ± 5.9⁎ 34.4 ± 2.0†

7 ± 13.7⁎ 82.3 ± 8.9⁎,‡ 85.2 ± 9.0⁎,‡

ch group.
s.
o therapy.
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2.9. Statistical analysis

The results are expressed as the means ± SD. A t test or
analysis of variance was used to determine statistical
significance, with a P value less than .05 considered
statistically significant.
Fig. 2. Effects of 3-week intervention on LPL protein levels in Western blot
(A) and LPL activities (B) in colorimetry in muscle. The bars represent
means ± SD for 4 to 6 rats per group. The intensity of the bands in Western
blot was quantified by densitometric analysis and normalized with
corresponding GAPDH.
3. Results

3.1. Characteristics of the experimental animals

Body weight and nonfasting glucose during the interven-
tion study are shown in Table 1 and Fig. 1. There were no
significant differences in body weights among groups (Table
1). Pretreatment nonfasting blood glucose levels were 5.1
mmol/L in the NC group and 22 to 24 mmol/L in all diabetic
groups. Insulin and gliclazide treatment each significantly
reduced blood glucose levels after 1 week and maintained
them throughout the treatment, although the levels remained
higher than those in normal rats (Fig. 1).

The characteristics of experimental animals 48 hours after
the end of intervention study are shown in Table 1. Diabetic
rats exhibited obviously disturbed metabolism, indicated by
elevated HbA1c levels and fasting blood glucose levels, as
well as elevated triglyceride levels (P b .01). In addition,
diabetic rats had 3.38-fold increases in muscle triglyceride (P
b .01). Serum fasting insulin levels were comparable with
those in normal control rats. Insulin treatment modified
HbA1c levels, fasting blood glucose, and muscle triglyceride
contents (P b .05), although they remained higher than those
in normal rats. Likewise, gliclazide treatment resulted in
significant reduction in triglyceride, HbA1c, fasting blood
glucose, and muscle triglyceride contents (P b .05).

An intraperitoneal glucose tolerance test done 48 hours
after the end of the early intervention study showed that the
glucose-insulin index increased by 2.5-fold in diabetic rats
compared with normal rats (Table 1). During 3 weeks of
Fig. 1. Nonfasting blood glucose levels during intervention studies. Data are
means ± SD; n = 4 to 6 rats per group. aP less than .05 and bP less than .01
compared with values for normal control rats. cP less than .05 and dP less
than .01 compared with values for diabetic rats with no therapy.
early insulin treatment, the glucose-insulin index was
reduced by nearly 33% relative to their untreated diabetic
counterparts, although it was still higher than that in normal
rats. Similarly, early gliclazide-treated diabetic rats had
reduced levels of the glucose-insulin index by about 27%
relative to the values from untreated diabetic rats.

3.2. Insulin and gliclazide decreased LPL protein
and activity

Lipoprotein lipase is the rate-limiting process for
hydrolysis; we assessed the effects of insulin treatment on
LPL protein expressions (Fig. 2A) and LPL activities (Fig.
2B). Compared with control, untreated diabetic rats had a
30% and 61% increase in LPL protein content and LPL
activity, which were significantly decreased by insulin and
gliclazide treatment (P b .05).

3.3. Insulin and gliclazide increased FAT protein

Fatty acid translocase, FABP, and FATP-1 are 3 proteins
involved in fatty acid uptake. Compared with control, the
abundance of FAT protein in the untreated diabetic rats was



Fig. 3. Effects of 3-week intervention on FAT/CD36 (A), FATP-1 (B), and
FABP (C) levels in Western blot in muscle. The bars represent means ± SD
for 4 to 6 rats per group. The intensity of the bands was quantified by
densitometric analysis and normalized with corresponding GAPDH.

Fig. 4. Effects of 3-week intervention on CPT-1 protein levels in Western
blot in muscle. The bars represent means ± SD for 4 to 6 rats per group. The
intensity of the bands was quantified by densitometric analysis and
normalized with corresponding GAPDH.
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decreased by 45%, which was increased by 31% and 26% by
insulin and gliclazide, respectively (P b .05, Fig. 3A). Insulin
and gliclazide had no significant impact on FATP-1 (Fig. 3B)
and FABP protein levels (Fig. 3C).

3.4. Insulin increased CPT-1 protein

Carnitine palmitoyl transferase 1 is a rate-limiting step
that contributes to fat oxidation; we assessed the effect of
treatment on CPT-1 protein level by immunoblotting.
Compared with controls, CPT-1 protein level in the untreated
diabetic rats was decreased by 47%. Early insulin treatment
increased CPT-1 protein level by 57.5% compared with that
in untreated diabetic rats, whereas gliclazide treatment failed
Fig. 5. Effects of 3-week intervention on the expression of SREBP-1c
mRNA. Rat gastrocnemius muscle was harvested at the time of killing, and
mRNAwas harvested as described in the “Materials and methods” section.
Results are plotted as the means ± SD (n = 6 per group). Quantitative real-
time PCR for SREBP-1c mRNA: β-actin mRNAwas used as a control, and
results are expressed as relative units (SREBP-1c mRNA/β-actin mRNA).



Fig. 7. Effects of 3-week intervention on TNF-α protein levels in Western
blot in muscle. The bars represent means ± SD for 4 to 6 rats per group. The
intensity of the bands was quantified by densitometric analysis and
normalized with corresponding GAPDH.
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to affect CPT-1 expression (P b .05, Fig. 4). Stepwise logistic
analysis showed correlation between CPT-1 protein with
IMTG (γ = −0.678, P b .01).

3.5. Insulin and gliclazide decreased SREBP-1c
messenger RNA

As SREBP-1c is the isoform most related to lipogenesis in
vivo, we assessed the effect of treatment on gastrocnemius
SREBP-1c messenger RNA (mRNA) levels using quantita-
tive real-time PCR (Fig. 5). Sterol regulatory element–
binding protein 1c mRNA level in diabetic muscle was
increased by 2.14-fold. Insulin and gliclazide significantly
reduced SREBP-1c mRNA levels compared with those of
untreated diabetic rats (P b .05).

3.6. Insulin and gliclazide decreased nuclear mature
SREBP-1c protein

Activation of SREBP-1 requires cleavage and entry of the
mature protein into the nucleus. Therefore, we used
immunoblotting to determine the protein level of nuclear
mature SREBP-1c (Fig. 6). Compared with controls, diabetic
Fig. 6. Effects of 3-week intervention on nuclear mature SREBP-1 protein
and Tyr705 phosphorylation of STAT3 protein levels in Western blot in
muscle. The bars represent means ± SD for 4 to 6 rats per group. The
intensity of the bands was quantified by densitometric analysis and
normalized with corresponding Sp3.
rats had a 2.45-fold increase in mature SREBP-1 protein
content in muscle. Insulin and gliclazide significantly
decreased mature SREBP-1 protein in the gastrocnemius
compared with that in untreated diabetic rats, although it was
still higher than that in normal control rats (P b .05).
Stepwise logistic analysis showed correlation between
SREBP-1c protein with IMTG (γ = 0.754, P b .01).

3.7. Insulin and gliclazide decreased phosphorylation of
STAT3 protein

Signal transducer and activator of transcription 3 protein
was a cytoplasmic-signal–dependent transcription factor that
was phosphorylated by Janus kinase protein; phosphorylated
STATs form dimers, enter the nucleus, and regulate gene
transcription. It had been reported that Tyr705 phosphoryla-
tion of STAT3 was involved in glucose-induced up-
regulation of SREBP-1c expression. Therefore, we analyzed
the expression of nuclear Tyr705 phosphorylation of STAT3.
Compared with controls, diabetic rats had an increase in p-
STAT3 (Tyr705) protein abundance (Fig. 6). Early insulin and
gliclazide treatment significantly reduced expressions of p-
STAT3 (Tyr705) compared with those in untreated diabetic
rats (P b .05).

3.8. Insulin and gliclazide decreased TNF-α protein

Tumor necrosis factor α was reported to stimulate the
maturation of SREBP-1; here we assessed the expression of
TNF-α. Compared with controls, diabetic rats had a 2-fold
increase in TNF-α protein abundance in muscle (Fig. 7).
Early insulin and gliclazide treatment significantly reduced
expressions of TNF-α compared with those in untreated
diabetic rats (P b .05).



785Y. Bi et al. / Metabolism Clinical and Experimental 58 (2009) 779–786
4. Discussion

Our study was undertaken as a first step to investigate
the underlying molecular mechanisms involved in reduced
fat accumulation in skeletal muscle, which is not generally
regarded as having a high lipogenetic capacity, in response
to insulin therapy. We found reduced IMTG accumulation
after insulin therapy potentially resulting from both
increased lipid oxidation and decreased lipid synthesis in
the early stage of high-fat–fed, low-dose STZ–treated
diabetic rat. Although there is limitation to our experiment
because the model is relevant to only a specific stage in
the course of type 2 diabetes mellitus and we do not
measure fluxes through fat oxidation and lipogenesis, for
which further work should be done in the future to give a
functional data, the study still presents some potentially
interesting insight into the mechanism of the reduction in
IMTG when insulin is administered in the early phase
of diabetes.

The current results suggested that insulin treatment might
increase fatty acid uptake into muscle cells through up-
regulation of FAT expression. How then did this observation
coexisted with the ability of insulin to decrease IMTG
content? A similar situation occurred when endurance
training athletes showed increased triglyceride localization
around the mitochondria yet did not display insulin
resistance; an increased oxidative capacity of skeletal
muscle in these individuals might provide a protective
effect [25]. Indeed, our study showed that CPT-1 expression
was elevated after insulin treatment. Nevertheless, the
mechanisms responsible for such unexpected observation
are not completely understood because insulin is reported to
activate ACC2 (catalyzing the carboxylation of acetyl-CoA
to malonyl-CoA), hence increasing malonyl-CoA and
reducing CPT-1 activity [26-28]. Instead, alterations in
FAT protein seemed more than adequate to explain observed
changes in CPT-1 content. Recent information suggests that
CPT-1 may not act alone in the regulation of fatty acyl-CoA
entry into the mitochondria. Studies have demonstrated that
FAT plays an important role in regulating fatty acid
oxidation [29]. By use of immunoprecipitation techniques
in rodent muscle, it was found that mitochondrial FAT was
associated with CPT-1, demonstrating that mitochondrial
FAT (in cooperation with CPT-1) may be an important
mediator of fatty acid oxidation [30]. Because abnormalities
in FAT have an impact on mitochondrial oxidation, we
hypothesized that the increase in the abundance of FAT after
insulin treatment may subsequently facilitate the enhanced
CPT-1 expression.

Another potential mechanism controlling IMTG content
is the lipogenetic pathway in muscle. Studies had identified
SREBP-1c as a crossroad of physiologic and pathophysio-
logic lipid homeostasis [31]. However, evidence was
emerging that the expression and regulation of SREBP-1c
in muscle were altered. It was reported that SREBP-1c
mRNA in skeletal muscle was slightly decreased in STZ-
induced type 1 diabetes mellitus animal model and in type 2
diabetes mellitus patients and was increased or not altered by
insulin in rat primary myotubes and in individuals with type
2 diabetes mellitus [18,32,33]. Different from these studies,
our study suggested that increased expression of SREBP-1c
in skeletal muscles was in parallel with IMTG storage in type
2 diabetes mellitus rats. Moreover, the expression of SREBP-
1c was decreased by insulin therapy targeting euglycemia.
Previous studies showed that the compensatory hyperinsu-
linemia of insulin resistance increased SREBP-1c in multiple
tissues; insulin was thus considered as a likely “culprit”
[18,32,33]. However, as our study demonstrated, insulin
level did not increase in diabetic rat [23]. Based on the
characteristics of our model, we postulated that hyperglyce-
mia, not insulin or hyperinsulinemia, might be possible
contributor. High glucose could induce activation of SREBP-
1c through Janus kinase/STAT3 pathway and up-regulate
lipogenetic enzymes; subsequently, it might start a vicious
circle of lipogenesis leading to lipotoxicity and insulin
resistance [17]. In addition, other studies had indicated that
TNF-α could result in the increased rates of fatty acid
synthesis and activation of SREBP-1c in human hepatocytes;
moreover, TNF-α was capable of inducing SREBP-1
maturation in a time- and dose-dependent manner [34,35].
Consistent with this, our previous and current studies
showed that TNF-α expression was up-regulated in skeletal
muscle from HFD- and STZ-induced type 2 diabetes mellitus
rats [23]. Together, although the direct evidence for the
mechanisms of the activation of SREBP-1c is not clear at the
present time, TNF-α and STAT3 might be involved in the
regulation of SREBP-1c in skeletal muscle from type 2
diabetes mellitus rat. We must emphasize that the unexpected
observations have a close relationship with the early course
of disease, where the different effects of various interven-
tions on IMTG had been observed [23].

Taken together, our results supported that fatty acid
oxidation and de novo lipogenesis had evolved as highly
integrated processes [20]. Sterol regulatory element–binding
protein 1c might be viewed as a possible cross talk between
pathways to establish energy fluxes in skeletal muscle under
pathophysiologic state. As shown in recent studies, activa-
tion of SREBP-1c by high glucose increased the expression
of ACC2 and FAS, then leading to both decreased fatty acid
oxidation and increased lipogenesis [17,20]. Furthermore,
LPL was also reported to be up-regulated by SREBP-1c [36].
Thus, we tentatively hypothesize that inhibition of SREBP-
1c expression might result in down-regulation of fatty acid
storage as well as up-regulation of fatty acid oxidation for
efficient use of fuels in skeletal muscle of diabetic state by
early insulin therapy.

In summary, early insulin reduced IMTG levels in type 2
diabetes mellitus rats potentially through amelioration of
mitochondrial dysfunction and inhibition of lipogenesis. A
further understanding of the molecular mechanisms on
reduction of IMTG content will help elucidate a new
therapeutic target for the treatment of type 2 diabetes mellitus.
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