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Overexpression of mitofusin 2 improves translocation of
glucose transporter 4 in skeletal muscle of high-fat diet-fed
rats through AMP-activated protein kinase signaling
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Abstract. Mitofusin 2 (Mfn2) is a mitochondrial membrane
protein that plays a role in mitochondrial fusion and metabo-
lism in mammalian cells. Previous studies have reported a
positive correlation between Mfn2 expression and insulin
sensitivity in non-diabetic and type 2 diabetic subjects. Thus,
the aim of the present study was to investigate whether Mfn2
overexpression improves insulin sensitivity of high-fat diet
(HFD) rats and the possible underlying mechanisms. Male
SD rats were randomly divided into four groups: negative
control; HFD; HFD plus adenoviral vectors; and HFD plus
adenoviral vectors encoding Mfn2. Following an 11-week
treatment protocol, the euglycemic-hyperinsulinemic clamp
technique was applied to evaluate insulin sensitivity in rats.
The skeletal muscles from rats in each group were analyzed by
real-time PCR and western blot analysis to determine glucose
transporter 4 (GLUT4) expression, translocation and relative
translocation signaling. Consistent with Mfn2 repression and
glucose intolerance, HFD downregulates GLUT4 expression
at the mRNA and protein levels, while Mfn2 overexpression
activates AMP-activated protein kinase (AMPK), increases
GLUT4 expression and translocation and improves insulin
resistance in the skeletal muscles of HFD rats. Results of the
present study indicate that Mfn2 overexpression improves
insulin sensitivity and may regulate GLUT4 translocation in
an AMPK-dependent manner in the skeletal muscles of HFD
rats. This study is likely to provide insight into the unique role
of Mfn2 in promoting glucose uptake, leading to modulation
of GLUTH4 translocation signaling and maintenance of glucose
homeostasis in vivo.
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Introduction

Mitochondrial dysfunction has been suggested to be involved
in the development of insulin resistance (1). However, whether
mitochondrial defects are the cause or consequence of insulin
resistance remains controversial. One of the first studies
connecting mitochondrial activity to diabetes mellitus was
the identification of a mutation in the mitochondrial DNA
that caused a maternal-inherited form of diabetes and asso-
ciated deafness (2,3). Studies in human subjects concerning
this putative association indicated that the mitochondrial
defect observed in diabetic muscle may be secondary to the
insulin-resistant state instead of being a causal factor (4). In
addition, functional defects of mitochondria, particularly
reduced oxidative and phosphorylation capacities, which are
secondary to insulin resistance, may aggravate insulin resis-
tance.

Mitofusin 2 (Mfn2) is a mitochondrial membrane protein
that plays a role in mitochondrial fusion and regulates mito-
chondrial metabolism in mammalian cells (5-7). It is highly
expressed in a number of tissues, including skeletal muscle,
heart and brain, with high energy demands (5). Mfn2 is rele-
vant to numerous human diseases and is important in glucose
metabolism and the development of insulin resistance. Mfn2
deficiency induces mitochondrial dysfunction, increases H,O,
concentration and activates c-Jun N-terminal kinase (JNK),
leading to insulin resistance in skeletal muscle and liver (8). In
addition, in myoblasts with a limited oxidative capacity, Mfn2
gain of function causes an increase in the glucose oxidation
rate and a parallel increase in mitochondrial membrane poten-
tial, indicative of elevated pyruvate oxidation in mitochondria
and enhanced Krebs cycle and oxidative phosphorylation (9).

Skeletal muscle glucose uptake and metabolism play a
key role in the regulation of whole-body glucose homeostasis
in normal and diabetic subjects (10,11). Glucose uptake is
the rate-limiting step of glucose utilization and is depressed
in cases of insulin resistance, a process characterized by the
reduced availability of sarcolemmal glucose transporter 4
(GLUT4) translocation and consequential lower glucose
uptake (12,13). GLUT4 is a glucose transport protein, highly
expressed in adipose tissue and skeletal muscle, in which
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translocation is induced by two separate signal transduction
pathways, an insulin-dependent and -independent pathway.
The insulin-dependent pathway results in GLUT4 transloca-
tion via the activation of phosphatidylinositol-3 kinase (PI3K)
and protein kinase B/Akt, whereas the AMP-activated protein
kinase (AMPK) signaling pathway provides an alternative to
the glucose uptake pathway in muscle. A defect in GLUT4
expression and translocation has been reported to be the
primary metabolic abnormality in diabetic skeletal muscle (14).
The aim of the present study was to examine the effects of
Mfn2 on glucose homeostasis and correlative GLUT4 expres-
sion and translocation in high-fat diet (HFD) rats.

Materials and methods

Animals and experimental design. Forty male 4-week-old
Sprague-Dawley rats (80-100 g) were obtained from the
Animal Center of Hebei Medical University (Shijiazhuang,
China) and maintained in an optimal environment for 1 week
prior to experimentation. Animals were randomly divided
into four groups: negative control (NC; n=10), high-fat diet
(HF; n=10), high-fat diet plus adenoviral vectors (HF + Ado;
n=10) and high-fat diet plus adenoviral vectors encoding Mfn2
(HF + AdMfn2,n=10). The rats were housed in a 12-h light-dark
cycle and provided free access to a rodent standard diet (65.5%
carbohydrate, 10.3% fat and 24.2% protein) or a HFD (20.1%
carbohydrate, 59.8% fat and 20.1% protein), starting at 5 weeks
of age, for 8 weeks. Following 8 weeks of HFD treatment, rats
were subjected to a euglycemic-hyperinsulinemic clamp, as
described previously, to assess insulin sensitivity (15).

Briefly, following collection of two basal samples, insulin
was infused intravenously at a constant rate (0.25 U/kg/h).
Blood samples (50 ul) were collected every 10 min to deter-
mine blood glucose and to adjust glucose infusion until the
infusion rate was stabilized. Following 8 week HFD treatment,
rats in the intervention groups (HF + Ado and HF + AdMfn2)
received 0.1 ml Ado or AdMfn2 adenoviruses at a dose of
1x10" plaque-forming U/ml via tail vein injection for 3 weeks
and the non-intervention rats (NC and HF) were injected with
saline buffer only. At the end of the 11-week study, the rats
were fasted overnight and the euglycemic-hyperinsulinemic
clamp technique was applied to evaluate improvement in
insulin resistance. Rats were anesthetized by intraperitoneal
injections of pentobarbital sodium (50 mg/kg body weight)
and blood samples were drawn from the abdominal aorta to
measure the concentrations of glucose, insulin and free fatty
acids (FFA) in plasma. Muscle tissues were collected, quickly
placed in a liquid nitrogen container and stored at -80°C for
analysis. Experimental protocols were approved by the Animal
Welfare Committee of the University and conducted in accor-
dance with the institutional guidelines for animal research.

Quantitative real-time polymerase chain reaction (qPCR).
Total RNA from rat muscle tissue was obtained using TRIzol
reagent (Invitrogen Technologies, Carlsbad, CA, USA),
according to the manufacturer's instructions. RNA concentra-
tion was determined by measuring the absorbance of a diluted
sample at 260 nm in a UV spectrometer (ND 2000, Thermo,
USA). Reverse transcription was performed on total RNA
(2 pg) using random primers to obtain the first-strand cDNA
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template. Real-time PCR was performed with 0.8 ul cDNA
(diluted 1:10), 2 ul specific primers and 2X GoTaq® Green
Master mix (Promega Corporation, Madison, WI, USA) in a
final volume of 20 1. PCR was performed as follows: an initial
cycle at 95°C for 10 min, followed by 40 cycles at 95°C for
15 sec, 58°C for 20 sec and 72°C for 27 sec. PCR products were
analyzed by melting curve to confirm the specificity of ampli-
fication. Expression of Mfn2 and GLUT4 genes was analyzed
and GAPDH was used as an internal control. The following
sets of primers were used: Mfn2, 5~ AGCGTCCTCTCCCTCT
GACA-3" and 5“TTCCACACCACTCCTCCGAC-3'; GLUT4,
5'-CCCACAAGGCACCCTCACTA-3" and 5'-TGCCACCC
ACAGAGAAGATG-3"; GAPDH, 5'-TGAACGGGAAGC
TCACTG-3' and 5'-GCTTCACCACCTTCTTGATG-3'

Western blot analysis. Frozen-dried muscle tissues (50 mg) were
homogenized in 500 pl ice-cold homogenization buffer [1%
NP-40, 150 mmol/I NaCl, 50 mmol/l Tris (pH 8.0), 0.1% apro-
tinin, 0.1% leupeptin, 0.035% pepstain A and 100 xg/ml PMSF]
for 30 min at 4°C. The samples were subjected to centrifuga-
tion at 11,600 x g for 10 min at 4°C. Protein concentrations
of supernatants were determined using a BCA protein assay
(Zomanbio, Beijing, China). Muscle protein fractions (30 pg)
were separated by 10% SDS-polyacrylamide gel electropho-
resis and transferred to PVDF membranes (Millipore, USA).
Following protein transfer, the membranes were blocked with
5% non-fat dry milk in TBST containing 0.05% Tween-20
overnight. Following blocking, membranes were incubated
overnight with anti-IRf (1:500), anti-AKT (1:800), anti-p-AKT
(Ser-473; 1:200), anti-AMPKa (1:500), anti-p-AMPKa
(Thr-172; 1:200), anti-Mfn2 (1:500) and anti-GLUT4 (1:500; All
Bioworld Technology, Inc. Minneapolis, Mn, USA), followed
by incubation with appropriate HRP-conjugated secondary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at room temperature for 1 h. The membranes were then washed
three times for 10 min in 0.05% Tween-20 in TBST. The
immunoreactive proteins were visualized by enhanced chemi-
luminescence (Pierce Biotechnology, Rockford, IL, USA).
X-ray film was exposed to the PVDF membranes for 5 min.
The reaction product of each blot was analyzed by densitom-
etry using the Bandscan 4.3 Software.

Membrane preparations of skeletal muscle. Following eugly-
cemic hyperinsulinemic clamp experiments, muscle tissues
were excised and immediately frozen in liquid nitrogen.
Plasma membrane (PM) fractions of skeletal muscles were
isolated from the muscles according to a method described
previously (16).

Statistical analysis. Data were presented as the mean + SD and
were analyzed using one-way analysis of variance followed by
post hoc comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

Plasma metabolic parameters. Following a total of
11-week-HFD treatment (shown in Table I), the HF group
had higher plasma glucose, insulin and FFA levels than the
NC group. In addition, plasma parameters following Ado or
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Table I. Plasma parameters at the end of the 11-week study.
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Plasma parameters NC HF HF + Ado HF + AdMfn2
Glucose (mmol/l) 6.00+0.64 7.18+£0.63" 7.20+0.73* 5.78+0.83°
Insulin (mU/1) 28.88+4.81 40.62+6.89* 40.80+5 45° 30.70+4.20°
Fatty acids (mmol/l) 0.64+0.09 0.85+0.08* 0.82+0.04* 0.65+0.08°

Data are presented as the mean + SD (n=5-8/group). *P<0.05, vs. NC; and "P<0.05, vs. HF; one-way ANOVA. Mfn2, mitofusin 2; NC, negative

control; HF, high-fat diet; Ado, adenoviral vector.
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Figure 1. GIR during euglycemic-hyperinsulinemic clamp performed in NC,
HF, HF + Ado and HF + AdMfn2 groups. Data shown are the average of five
separate experiments (mean + SD). ‘P<0.03, vs. NC; 'P<0.05, vs. HF; one-way
ANOVA. GIR, glucose infusion rate; NC, negative control; HF, high-fat diet;
Ado, adenoviral vector.
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AdMfn2 administration were analyzed in subsets of HFD rats.
The parameters did not alter in the HF+Ado group compared
with HF (P>0.05), but decreased in HF+AdMfn2 compared
with HF (P<0.05).

AdMfn2 increases the clamp glucose infusion rate (GIR).
HFD caused a decrease in the clamp GIR required to maintain
euglycemia (Fig. 1). AdMfn2 administration significantly
increased GIR (61%), whereas treatment of rats with Ado did
not cause any alteration compared with the HF group.

Mfn2 is repressed in skeletal muscle in response to treatment
with HFD and induced by administration of AdMfn2.To study
the regulatory profile of Mfn2, its expression was analyzed
under specific conditions, including exposure to HFD or treat-
ment with AdMfn2, to stimulate whole-body Mfn2 expression.
Exposure to HFD for 11 weeks caused downregulation of
Mfn2 mRNA and protein levels in skeletal muscles (Fig. 2;
51 and 44% of NC, respectively; P<0.05), consistent with a
previous study (1). Administration of AdMfn2 for three weeks
led to a 3.4- and 3.3-fold increase in Mfn2 mRNA and protein
expression in muscle tissues, respectively. In the HF + Ado
group, mRNA and protein levels were not altered in muscle
tissue compared with the HF group.

AdMfn2 specifically induces GLUT4 mRNA and protein
expression in HFD rat muscle tissue. GLUT4 mediates
glucose uptake in muscle tissue. To determine the role
of the transporter in AdMfn2-induced insulin sensitivity
improvement, GLUT4 expression levels were examined
(Fig. 3). GLUT4 mRNA levels were measured by real-time
PCR and normalized against the internal reference gene,
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Figure 2. Mfn2 expression in skeletal muscles of NC, HF, HF + Ado and
HF + AdMfn2 groups. (A) Mfn2 mRNA was quantified by real-time PCR.
(B and C) Mfn2 protein was measured by western blot analysis. Data are
shown as the average of three separate experiments performed in dupli-
cate (mean = SD). "P<0.05, vs. NC; "P<0.05, vs. HF; one-way ANOVA.
Mfn2, mitofusin 2; NC, negative control; HF, high-fat diet; Ado, adenoviral
vector; PCR, polymerase chain reaction.

GAPDH. Results presented in Fig. 3A indicate a significant
downregulation of GLUT4 mRNA by HFD (56% of NC,
P<0.05) and that Ado treatment did not have a significant
effect on GLUT4 mRNA levels compared with the HF group.
By contrast, following intervention of AdMfn2, GLUT4
mRNA was significantly higher in HF + AdMfn2 compared
with HF (149% of HF; P<0.05; Fig. 3A). Consistent with
previous observations (17), muscle expression of GLUT4
protein was markedly reduced in the HF group (66% of NC,
P<0.05; Fig. 3B). Following AdMfn2 treatment, total GLUT4
protein levels were significantly increased to 131% of the HF
group (P<0.05; Fig. 3B). By contrast, there was no difference
in total GLUT4 protein levels between the HF + Ado and
HF groups (P>0.05; Fig. 3B). Therefore, administration of
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Figure 3. Effects of AdMfn2 on GLUT4 mRNA and total protein expression
in rats muscle tissues from the NC, HF, HF + Ado, HF + AdMfn2 groups.
(A) Expression of GLUT4 mRNA was measured by real-time PCR. (B) Total
GLUTH4 protein was measured by western blot analysis. Data are shown as the
average of three separate experiments performed in duplicate (mean + SD).
“P<0.05, vs. NC; "P<0.05, vs. HF; one-way ANOVA. GLUT4, glucose trans-
porter 4; Mfn2, mitofusin 2; NC, negative control; HF, high-fat diet; Ado,
adenoviral vector; PCR, polymerase chain reaction.
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Figure 4. Effects of AdMfn2 on GLUT4 translocation in rat muscle tissues
from the NC, HF, HF + Ado, HF + AdMfn2 groups. PM and total GLUT4
protein of muscle tissues was fractionated and subjected to western blot
analysis. (A) Representative immunoblots are presented. (B) Ratio of PM to
total GLUT4 protein is shown as mean + SD for three experiments. "P<0.05, vs.
NC; "P<0.05, vs. HF; one-way ANOVA. GLUT4, glucose transporter 4; Mfn2,
mitofusin 2; NC, negative control; HF, high-fat diet; Ado, adenoviral vector.

AdMfn2 for 3 weeks enhanced GLUT4 gene expression and
stabilized GLUT4 protein expression.

AdMfn2 promotes GLUT4 translocation in HFD rat muscle
tissues. To investigate the effect of AdMfn2 on GLUT4 trans-
location, the ratio of PM to total GLUT4 protein was analyzed
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(Fig.4). The PM and total GLUT4 protein of muscle tissues was
fractionated and subjected to western blot analysis (Fig. 4A).
Following administration of AdMfn2 to HFD rats, the ratio
was significantly increased to 187% of the HF group (P<0.05;
Fig. 4B). However, the ratio was not significantly altered in the
HF + Ado group compared with the HF group (P>0.05). These
results demonstrate that AdMfn2 induces GLUT4 redistribu-
tion into the PM fraction in skeletal muscle tissue.

Role of Akt and AMPK pathways in AdMfn2-induced glucose
uptake and GLUT4 translocation. To elucidate the effect
of AdMfn2 on the signaling pathways involved in GLUT4
translocation, the IRB-PI3K-Akt and AMPK pathways were
analyzed by western blot analysis (Fig. 5A). Results presented
in Fig. 5B and C demonstrate that AdMfn2 had no effect on
the phosphorylation of Akt (89% of HF; P>0.05) but signifi-
cantly increased the phosphorylation of AMPKa (276% of
HF; P<0.05). No differences were detected with regard to the
expression of AMPKa (P>0.05; Fig. 5C). Expression of IR,
PI-3K, p-AKT and AKT protein was significantly decreased in
the HF group compared with NC (P<0.05; Fig. 5B and D). No
significant differences were found in the expression levels of
IRB, PI-3K, p-AKT and AKT protein among the three groups
(HF, HF + Ado and HF + AdMfn2; P>0.05; Fig. 5B and D).
These results demonstrate that the effect of AdMfn2 on
GLUTH4 translocation contributes, in part, to increased AMPK
activation.

Discussion

Results of the present study indicate that Mfn2 improves
insulin sensitivity and may regulate GLUT4 translocation
in an AMPK-dependent manner in skeletal muscles of HFD
rats. In the present study, HFD treatment in rats was found
to induce insulin resistance and reduce Mfn2 expression in
insulin-resistant rats. These results are in agreement with the
previous observations that muscle Mfn2 is repressed in Zucker
rats and diabetes patients (1,18,19).

Previous studies have indicated that Mfn2 plays a positive
role in maintaining glucose homeostasis. In addition, aberrant
expression of Mfn2 may be involved in the pathophysiology
of insulin resistance. Therefore, consistent with Mfn2/shRNA
BALB/c mice, hepatic glucose production and insulin resis-
tance was significantly increased (20). An additional study
has also reported that Mfn2 deficiency causes mitochondrial
dysfunction, leading to enhanced reactive oxygen species
production and JNK activity and inactivation of insulin
receptor substrate 1, a key protein in insulin signaling (8).
A positive correlation between Mfn2 expression and insulin
sensitivity was also previously detected in non-diabetic and
type 2 diabetic subjects (1). Consistent with these observations
a 67% increase in whole-body insulin sensitivity was noted
in the current study, following administration of AdMfn2 for
three weeks in HFD rats (as indicated by clamp GIR). However,
the mechanism by which Mfn2 overexpression ameliorates
GIR must be further investigated.

HFD rats demonstrated glucose intolerance, which is, at
least in part, attributable to decreased glucose uptake. Glucose
transport mediated by GLUT4 is a major rate-limiting step in
glucose metabolism in skeletal muscle, which may be activated
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Figure 5. Effects of AdMfn2 on the signaling pathways involved in
GLUT4 translocation in rat muscle tissues from the NC, HF, HF + Ado and
HF + AdMfn2 groups. (A) Expression of phosphorylated Akt (Ser473), Akt,
phosphorylated AMPK (Thr172), AMPK, IRf} and PI3K were measured
by western blot analysis. (B-D) Phosphorylated Akt, Akt, phosphorylated
AMPK, AMPK, IR and PI-3K protein levels were calculated as ratios.
Data are shown as the average of three separate experiments performed in
duplicate (mean = SD). "P<0.05, vs. NC; "P<0.05, vs. HF; one-way ANOVA.
GLUTH4, glucose transporter 4; AMPK, AMP-activated protein kinase; IR,
insulin receptor f3; PI3K, phosphatidylionositol-3 kinase; NC, negative con-
trol; HF, high-fat diet; Ado, adenoviral vector.

by two separate signaling pathways. Impaired glucose transport
in skeletal muscle leads to impaired whole body glucose uptake
and contributes to the pathogenesis of type 2 diabetes mellitus.
Previous studies have reported whole-body glucose uptake as a
linear function of GLUT4 expression in skeletal muscle (21). A
previous study of six morbidly obese females who underwent
malabsorptive bariatric surgery, revealed an increase in Mfn2
mRNA levels, associated with the improvement of whole-body
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glucose uptake, as well as with an increase in GLUT4 expres-
sion (19). In the present study, Mfn2 overexpression increased
GLUTH4 expression and translocation in skeletal muscles of HFD
rats, which coincided with an increase in AMPK phosphoryla-
tion rather than Akt phosphorylation. A number of previous
studies have described an association between Mfn2 expression
and Akt phosphorylation (8,22-25). Current results demonstrate
that overexpression of Mfn2 has no effect on Akt activation in
skeletal muscles of HFD rats, consistent with previous obser-
vations indicating that upregulated Mfn2 does not affect Akt
phosphorylation in cultured cardiomyocytes (22). However,
other studies have reported Mfn2 overexpression depresses the
activation of Akt or, Mfn2 knockdown attenuated the activation
of Akt (8,23-25). Thus, the correlation between Mfn2 expres-
sion and Akt phosphorylation remains poorly understood due to
signaling discrepancies and cell selection.

Physiological and pathophysiological conditions character-
ized by altered glucose utilization (diabetes, obesity, insulin
resistance, exercise and weight loss) leads to changes in Mfn2
expression. However, direct evidence of the association of
Mfn2 in glucose uptake and insulin sensitivity has not been
reported. In the present study, a positive correlation between
Mfn2 expression and insulin sensitivity assessed by clamp
GIR was reported, consistent with previous studies (1,19). In
addition, GLUT4 mRNA levels have been found to positively
correlate with Mfn2 mRNA concentrations and linearly corre-
late with whole-body glucose uptake (19). However, the direct
correlation between Mfn2 and GLUT4 remains unclear. In the
present study, it was demonstrated that Mfn2 overexpression
induced GLUTH4 expression and translocation via AMPK acti-
vation in skeletal muscles of HFD rats, which was important
for improving insulin sensitivity.

Based on the role of Mfn2 in improvement of glucose uptake,
one of the limitations of this study was that the hypothesis of
a potential signaling pathway by which Mfn2 overexpression
caused increased GLUT4 translocation was made, however, we
did not reach a final conclusion as to whether the increase of
GLUTH4 translocation correlates with AMPK phosphorylation
via Mfn2 upregulation in muscle tissues. In addition, a specific
mechanism by which Mfn2 regulates GLUT4 expression by
AMPK phosphorylation in skeletal muscles has yet to be estab-
lished. Thus, future studies are required to establish the specific
cause-and-effect correlation between Mfn2 expression and
AMPK phosphorylation and to identify the detailed signaling
pathways by which Mfn2 regulates GLUT4 expression.

In summary, results of the current study indicate that
insulin resistance is associated, at baseline, with a reduced
expression of Mfn2 in skeletal muscle, which is associated
with a concomitant reduction in expression and translocation
activity of GLUT4. In addition, Mfn2 overexpression increased
glucose uptake by enhanced GLUT4 translocation, which was
induced via increased AMPK phosphorylation. Increase in
Mfn2 expression and the concomitant stimulation of AMPK
activity may be relevant to enhanced glucose uptake capacity
in insulin-resistant rats.
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