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a b s t r a c t

Dysregulation of lipid metabolism has been believed to be central in the development of skeletal muscle
insulin resistance. Since first being described in 1989, the role of AMPK in energy metabolism, especially
its role in lipid metabolism in skeletal muscle has been well studied. However, some recent literature
report that fatty acid oxidation in skeletal muscle is not directly associated with AMPK activation and
ACC phosphorylation. To further understand the role of AMPK in lipid metabolism and the development
of induced obesity and insulin resistance, muscle specific AMPKa2 knockout mice (mAMPKa2-KO) was
employed in this study. The results showed that AMPKa2 ablation in muscle did not exacerbate high fat
diet induce obesity in mice. On the contrary, it improved animal glucose tolerance and insulin sensitivity,
with reduced triglyceride content in skeletal muscle and fat mass in various adipose tissues, when mice
were fed high fat diet for 14 weeks. Gene expression analysis revealed that AMPKa2 knockout up-
regulated the expression of genes related to lipid catabolism and down-regulated that of genes related
to triglyceride synthesis. More importantly, ablation of AMPKa2 altered the expression of several myo-
kines related to adipogenesis and muscle regeneration. Our data suggest that defect in AMPKa2 signaling
does not necessarily lead to the development of muscle insulin resistance and obesity. AMPKa2 may
regulate whole body lipid metabolism by regulating myokine secretion.

© 2015 Published by Elsevier Inc.
1. Introduction

Insulin resistance, associated with high fat feeding or obesity, is
believed to be the combined result of chronic low-grade inflam-
mation [1] and accumulation of bio-active lipid species such as fatty
acyl-CoAs, diacylglycerol and ceramide in skeletal muscle [2]. In
turn, this leads to impairment of insulin signaling to GLUT4
translocation and reduced insulin sensitivity [3]. As the pathogenic
role of intramuscular lipid accumulation, transgenic mouse models
have been used for reaching the lipid oxidation in muscle and in-
sulin signaling against adverse effects of high fat feeding [4,5].

AMP-activated protein kinase (AMPK), a phylogenetically
conserved serine/threonine protein kinase, has been proposed to
function as a ‘fuel gauge’ to regulate energy balance that, once
ng), yaoyao3153@aliyun.com
activated by low energy status, switches on ATP-producing cata-
bolic pathways (such as fatty acid oxidation and glycolysis), and
switches off ATP-consuming anabolic pathways (such as lipogen-
esis), both by short-term effect on phosphorylation of regulatory
proteins and by long-term effect on gene expression [6]. The effect
of AMPK activation on the regulation of free fatty acid oxidation in
skeletal muscle is well described [7], in which AMPK phosphory-
lates ACC2, reducing its activity and malonyl-CoA production, in
turn, increasing lipid oxidation [8e10]. However, some literature
reported that fatty acid oxidation in skeletal muscle was not
directly associated with AMPK and ACC phosphorylation [8,9,11,12].
Thus, more study is needed to further our understanding of AMPK
in skeletal muscle fatty acid oxidation and energy metabolism.

In skeletal and cardiac muscles, AMPK complexes containing the
a2 catalytic subunit are predominant [13,14]. To investigate the role
of AMPK in skeletal muscle, several genetically engineered mice
have been developed. In AMPKa2 Knockout mice, ablation of
AMPKa2 leads to the development of obesity when animals are fed
a high-fat diet, as a result of enhanced lipid accumulation in
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adipocytes but not in other tissues. However, the AMPKa2 KO mice
exhibit similar glucose tolerance and insulin sensitivity to wild-
type mice despite an increase in adipose tissue mass [15]. As
AMPK reduces ACC activity and malonyl-CoA content, ACC2 KI
(Acc2 S212A knock-in) micewas used for assessingwhole-body and
skeletal muscle fatty acid oxidation and insulin sensitivity, These
mice had normal adiposity and liver lipids but elevated content of
triacylglycerol and ceramide in skeletal muscle, which were asso-
ciated with glucose intolerance and skeletal muscle insulin resis-
tance [8]. However, In the muscle-specific transgenic mice carrying
cDNAs of inactive AMPKa2 (aa2i TG), the glucose tolerance was
slightly impaired in male mice compared to wild type littermates
[12], while the transgenic mice overexpressing a kinase-dead
AMPKa2 mutant (K45R mutation) in cardiac and skeletal muscles
(AMPKa2-KD) were slightly smaller than oldWTmice independent
of diet as indicated by both reduced body weight and fat mass. In
addition, the development of insulin resistance in response to high
fat feeding was not exacerbated in old AMPKa2-KD mice [16,17].
Some of these observations are seemingly conflict with the well
described function of AMPK to increase insulin sensitivity, up-
regulate fatty acidy oxidation and inhibit adipogenesis and fat
accumulation [8,18e20]. For this reason, further study with the use
of new animal models should be recommended.

In this study, the mice carrying an AMPKa2 allele in which loxP
sites up- and down-stream of exon2 were inserted were crossbred
with MCK-Cre mice to study the effect of muscle specific knockout
of AMPKa2 on animal growth, insulin tolerance and lipid accu-
mulation. The results showed that, unexpectedly, muscle specific
knockout of AMPKa2 did not exacerbate high fat diet induced
obesity and insulin resistance in mice. Further analysis revealed
that AMPKa2 knockout altered the expression of several cytokine in
skeletal muscle, which are related to adipogenesis, inflammation
and satellite cell function. This study provided new insight into the
role of AMPK in energy metabolism and lipid accumulation.

2. Materials and methods

2.1. Generation of muscle-specific knockout AMPKa2 mice

Mice carrying a floxed AMPKa2 gene in the C57BL/6J back-
ground (Jackson laboratory, USA) were crossbred with MCK-Cre
transgenic mice (Jackson laboratory, USA) expressing Cre recom-
binase under the muscle creatine (Cr) kinase promoter. The floxed
AMPKa2 and MCK-Cre genotypes were confirmed by PCR analysis
of genomic DNA. After weaning, wild-type and mAMPKa2-KOmice
were fed high-fat diet (60% kcal fat) (Research Diets, HFK Biosci-
ence, China) ad libitum for 14 weeks. At 18 weeks of age, animals
were sacrificed by cervical dislocation. All animal procedures were
performed in compliance with the Institutional Animal Care.

2.2. Food-intake measurement

Mice were maintained on a 14-h light, 10-h dark cycle, and
allowed ad libitum access to food andwater. Food consumptionwas
calculated every Sunday following 14 weeks after weaning.

2.3. Glucose and insulin tolerance tests

Glucose tolerance test (GTT) was performed on mice fasted for
12 h. Blood samples were collected from the tail vein at 0,15, 30, 60,
90, and 120 min after an intraperitoneal injection of glucose (2 g/kg
body wt). For insulin tolerance test (ITT), animals were fasted for
6 h and then intraperitoneally injected with 0.5 units insulin/kg
body wt. Blood samples were collected as described above at 0, 15,
30, 45, and 60 min post injection. Blood glucose was determined by
a glucometer (Roche, Germany).

2.4. RNA extraction and RT-PCR

Total RNAwas extracted from gastrocnemiusmuscle using TRIzol
Reagent (TaKaRa, Japan) according to the manufacturer's instruc-
tion. The concentration of RNAwas determined using a NanoDrop®

ND-1000 (Thermo, Pittsburgh, PA). 500 ng of RNA was transcribed
into single-stranded cDNA using the PrimerScript TM RT reagent
(TaKaRa, Japan). qPCR was performed using the SYBR premix ExTaq
II (TaKaRa, Japan) and the IQ5 real-time PCR detection system (Bio-
Rad, Hercules, CA).

2.5. Western blotting analysis

Western blot analysis was performed as previously described
[21]. Briefly, frozen tissue was homogenized in Mueller buffer and
protein concentration was determined by the BCA method
(Cwbiotech, China). 50 mg of protein was fractionated on 10% SDS-
polyacrylamide gels. Gels were transferred to polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked overnight
in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20
(TBS-T). Levels or phosphorylation of proteins was immunoblot-
ting using the following primary antibodies: AMPKa1 (Santa Cruz,
USA), AMPKa2 ((Santa Cruz, USA)) and b-actin (Santa Cruz, USA),
phospho-ACC (Ser 79) (Beyotime, China); Secondary antibodies
were HRP-conjugated antimouse, antigoat and antirabbit IgG
(Santa Cruz, USA). Proteins on membranes were visualized by
application of Enhanced chemiluminescence ((Millipore) and
quantified by using Quantity One software (Bio-Rad).

2.6. Tissue triglyceride and FFA analysis

One gram of Gastrocnemiusmuscle was grinded in 9ml of saline.
After centrifuged at 12,000g, 4 �C for 10 min, the supernatant was
collected for the measurement of triglyceride and free fatty acids
(FFAs) in muscle by using triglyceride determination kit (Sigma,
USA) and NEFA kit (Nanjing Jiancheng, China), respectively.

2.7. Metabolite measurements

Blood metabolites from wild-type and mAMPKa2-KO mice fed
or fasted for 10 hwere analyzed. Blood glucose, serum triglycerides,
and serum FFAs were determined as described above. Serum total
cholesterol (CHOL) was analyzed by using cholesterol assay kit
(Nanjing jiancheng, China), low density lipoprotein cholesterol
assay kit (Nanjing jiancheng, China) and high density lipoprotein
cholesterol assay kit (Nanjing jiancheng, China). Serum insulin
concentrations were determined using a enzyme-linked immuno-
sorbent assay kit (Hufeng, China).

2.8. Statistical analysis

Data are expressed as means ± SEM. The statistical significance
of differences in mean values between groups was assessed by
Student's t test.

3. Result

3.1. High-efficiency ablation of AMPKa2 in skeletal muscle

To validate muscle-specific knockout of AMPKa2, AMPKa2
protein in four different skeletal muscles and heart was analyzed by
immunoblotting. Compared with wild type mice, AMPKa2 protein
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was not detectable in skeletal and cardiac muscles of mAMPKa2-KO
mice (Fig. 1A), while AMPKa1 expression was unaffected (Fig. 1B),
indicating that muscle-specific knockout of AMPKa2 was success-
ful. The knockout of AMPKa2 in skeletal muscle was also confirmed
by the reduced phosphorylation of ACC (Fig. 1C), a substrate of
AMPK.

3.2. Physiological effects of muscle-specific knockout of AMPKa2

mAMPKa2-KO mice tend to be retarded in growth. Body
weights were reduced for mAMPKa2KO mice, no matter feeding
high-fat diet (Fig. 2A) or chow diet (Fig. S1A). Knockout of AMPKa2
not only decreased the deposition of fat (Fig. 2C), but also inhibited
the development of skeletal muscle (Fig. 2D) and kidney (Fig. 2E).
Other organs, including heart, liver, spleen and lung are not affected
by ablation of AMPKa2 (Fig. 2E).

GTT and ITT analysis showed that glucose and insulin tolerance
was similar betweenwild type and mAMPKa2-KO mice when fed a
normal diet (Fig. S1C and D). As expected, both mAMPKa2-KO and
wild type mice showed the impairment of glucose tolerance
(Fig. 2F) and insulin sensitivity (Fig. 2G) after being fed a high-fat
diet for 14 weeks. However surprisingly, AMPKa2 depletion in
muscle did not aggravate the impairment, but resulted in some
improvement in insulin sensitivity and glucose tolerance in
mAMPKa2-KO mice when compared to wild type mice.

Along with the reduced fat deposition in adipose tissues, tri-
glyceride content in skeletal muscle was decreased in AMPKa2
knockout mice when fed a high fat diet (Fig. 2H), which was not
affected in heart and liver by the absence of AMPKa2 in muscle
(Fig. 2I and J), while higher triglyceride was determined in heart of
mAMPKa2-KO mice when fed a normal diet (Fig. 2I). We also
measured the intramuscular FFA content. More FFAs in gastrocne-
mius muscle of mAMPKa2-KO mice was detected when mice were
Fig. 1. AMPK expression and ACC2 phosphorylation. (A) High-efficiency ablation of the A
immunoblotting. Muscles from mAMPK-KO mice show nearly complete depletion of the AM
unaffected by the ablation of AMPKa2. (C) ACC2 S79 phosphorylation was reduced in mouse
diet. TA, tibialis anterior; Gas, gastrocnemius; Sol, soleus. Data are means ± SEM; n ¼ 4e6
fed high fat diet (Fig. 2K). Storage of glycogen in both skeletal
muscle and liver was not altered by AMPKa2 knockout (Fig. 2L and
M).

Compared to wild-type mice, we observed mAMPK2-KO mice
had decreased basal blood glucose levels and similar insulin levels
when fed a high-fat diet. Serum triglyceride, high-density lipo-
protein and FFA were decreased in both fasting and fed conditions.
Serum low density lipoprotein concentrations was not altered in
mAMPKa2KO mice (Table 1).

3.3. AMPKa2 ablation in muscle alters the expression of genes
related to lipid metabolism

As triglyceride decreased while FFA increased in the skeletal
muscle of AMPKa2 ablation, we analyzed the expression of genes
related to lipid metabolism. Generally, the expressions of genes
related to triglyceride synthesis, like aP2, was decreased and that of
genes related to triglyceride catabiosis, including peroxisome
proliferator-activated receptor alpha (PPARa), adipose triglyceride
lipase (ATGL) and carnitine palmitoyl transterase-1 (CPT-1), was
increased inmouse skeletal muscle after AMPKa2 knockout (Fig. 3).
Exceptionally, the expression of glycerol-3-phosphate acyl-
transferase 2 (GPAT2), an enzyme catalyzing the production of
diacyle glycerol 3-phosphate in the synthesis of triglyceride, was
detected to be up-regulated in the skeletal muscle of mAMPKa2-KO
mice, which could be compensatory as previously reported [22].

3.4. AMPKa2 knockout changes the expression of myokines in
skeletal muscle

As muscle specific knockout of AMPKa2 reduced not only tri-
glyceride in skeletal muscle under high fat diet, but also fat mass in
different adipose tissues that is far away from skeletal muscle, we
MPKa2 protein selectively in skeletal and cardiac muscles. Protein was assessed by
PK protein. (B) The AMPKa1 protein in mouse tibialis anterior and soleus muscles was
skeletal muscle after AMPKa2 knockout no matter mice were fed a chow or a high-fat

. *, P < 0.05; **, P < 0.001 versus control (þ/þ).



Fig. 2. mAMPKa2-KO mice showed reduced growth and improved whole-body glucose homeostasis after being fed a high-fat diet for 14 weeks. Body weight (A) and food intake (B)
were tracked for 14 weeks in male mice fed a high-fat diet (HFD), beginning at 4 weeks of age. The weight of fat (C), muscle (D) and organs (E) were recorded after mice were
sacrificed. Glucose tolerance (F) and insulin tolerance (G) tests showed that AMPKa2 knockout mice had improved glucose tolerance and insulin sensitivity after being fed a high fat
diet for 14 weeks. Triglyceride content in gastrocnemius muscle (H), heart (I), and liver (J) was estimated for mice fed a chow or high-fat diet (HFD) for 14 weeks. FFA content (K) in
gastrocnemius muscle was measured for mice fed a high fat diet for 14 weeks. Glycogen content in skeletal muscle (L) and liver (M) was unaffected by AMPKa2 ablation. Values are
presented as mean ± SEM. *P 0.05; **P < 0.01; ***P < 0.001; n ¼ 5e10.
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proposed that there was a long range way by which AMPKa2
ablation in muscle altered whole body fat accumulation, which is
probably myokines secreted by skeletal muscle. We then analyzed
the expression of myokines in skeletal muscle. The result showed
Table 1
Metabolic variables from high-fat diet-fed wild-type and mAMPKa2-KO mice.
Values are mean ± SEM, n ¼ 4e6. Levels measured in serum *p < 0.05 for difference
in fasted condition; &p < 0.05 for difference in fed condition n ¼ 4e6; &&p < 0.01.

Serum
parameters

Fasted Fed

Wild type mAMPKa2-KO Wild type mAMPKa2-KO

Glucose
(mmol/l)

7.925 ± 0.81 5.475 ± 0.55* 11.750 ± 1.02 8.667 ± 1.17&

Insulin (ng/ml) 0.850 ± 0.33 0.901 ± 0.059 1.200 ± 0.25 1.347 ± 0.11
CHOL (mmol/l) 2.290 ± 0.67 2.195 ± 0.20 3.745 ± 0.33 3.400 ± 0.21
Triglycerides

(mmol/l)
1.435 ± 0.42 0.595 ± 0.09* 1.095 ± 0.24 0.800 ± 0.22&

HDL (mmol/l) 1.330 ± 0.042 0.766 ± 0.08* 2.060 ± 0.21 0.795 ± 0.41&&

LDL (mmol/l) 0.380 ± 0.08 0.410 ± 0.03 0.615 ± 0.007 0.520 ± 0.01
FFA (umol/l) 1515 ± 20.2 961.66 ± 11.7* 712.43 ± 10.2 661.67 ± 9.5
that the mRNA expression of interleukin-6 (IL-6), myostatin (MSTN),
FGF21 (fibroblast growth factor), Insl6, and CXCL1 was up-regulated,
while the expression of FNDC5 and myonectinwas down-regulated
in the muscle of AMPKa2 knockout mice (Fig. 4A). IL-6 protein in
serum (Fig. 4B) and muscle (Fig. 4C) was also detected to be
elevated in mAMPKa2-KO mice. The results suggest that myokines
might be involved in the altered whole body lipid metabolism of
muscle specific AMPKa2 knockout mice.
4. Discussion

The dysregulation of lipid metabolism in resting muscle and the
accumulation of detrimental intramuscular lipids and lipid deri-
vates have been believed to be central in the development of
skeletal muscle insulin resistance [23]. Since first being described
in 1989 [24], the role of AMPK in energy metabolism, especially
lipid metabolism in skeletal muscle has been extensively studied
[25]. Due to its vital role in the regulation of fatty acid oxidation,



Fig. 3. The mRNA expression of genes related to lipid metabolism in skeletal muscle. WT: wild type. mAMPKa2-KO: AMPKa2 knockout mice. n ¼ 5. *P < 0.05.
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adipogenesis and insulin sensitivity [8,11,26,27], AMPK has been
alleged to be a feasible target in the treatment of type 2 diabetes [7].
However, this statement has been challenged recently by some
studies using genetically engineered animal models. Over-
expression of inactive AMPKa2 in skeletal muscle did not worse
animal glucose tolerance and obesity-induced insulin resistance
when compared to wild type mice, indicating that dysfunction in
AMPKa2 does not lead to the development of diabetes [12,16,17]. To
further clarify the role of AMPK in the regulation of insulin sensi-
tivity, lipid accumulation and the development of obesity, muscle
specific AMPKa2 knockout mice were employed in this study. Un-
expectedly, the loss of AMPKa2 in muscle did not increase the
content of triglyceride in skeletal muscle (Fig. 2H). Further, it
decreased lipid accumulation in various adipose tissues, including
inguinal, gonadal, renal and brown fat tissues after being induced
for obesity for 14 weeks by high fat diet (Fig. 2C). Thus, the
knockout of AMPKa2 in muscle reduced animal body weight and
prevented the development of high fat induced obesity (Fig. 2A).
Both glucose and insulin tolerance tests showed that, though high
fat diet impaired glucose tolerance and insulin sensitivity in both
Fig. 4. The expression of myokines was altered in mAMPKa2-KO mice after 14 weeks of high
PCR. The IL-6 protein in serum (B) and muscle (C) was measured by ELISA. WT: wild type.
mAMPKa2-KO and wild type mice, knockout of AMPKa2 in muscle
did not exacerbate the impairment. On the contrary, mAMPKa2-KO
showed some improvement in insulin sensitivity and glucose
tolerance after fed high fat diet for 14 weeks (Fig. 2F and G). Both
fasted and fed blood glucose, triglyceride and HDL decreased in
mAMPKa2-KO (Table 1). All these data showed that muscle specific
knockout of AMPKa2 did not exacerbated high fat diet induced
obesity and insulin resistance.

AMPK regulates fatty acid oxidation in muscle by AMPK-
dependent phosphorylation of ACC2 to reduce ACC2 activity and
malonyl-CoA production [7,28]. Although AMPKa2 knockout
reduced the basal phosphorylation of ACC (Fig. 1C), the mAMPKa2-
KO mice did not show greater accumulation of whole body lipid.
Gene expression analysis showed that genes related to fatty acid
oxidation was up-regulated and that related to triglyceride syn-
thesis was down-regulated in skeletal muscle (Fig. 3), indicating
that knockout of AMPKa2 increased lipid catabolism, but inhibited
lipid deposition, which is probably the reasonwhy triglyceride was
decreased in skeletal muscle of mAMPKa2-KO mice (Fig. 2H).
Interestingly, after feeding high fat diet, the mAMPKa2-KO mice
-fat diet. The relative mRNA expression of myokines (A) in muscle was detected by RT-
mAMPKa2-KO: AMPKa2 knockout mice:. n ¼ 4. *P < 0.05, **P < 0.01.
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secreted amounts of sweat containing much triglycerides, which
maybe another reason for lower weight and blood lipid level in
mAMPKa2-KO mice (Fig. S1 E). Taken together, the substantial
reduction in ACC2 phosphorylation did not translate into increasing
lipid accumulation with obesity, this may suggest either that ACC2
is not critical for or other factors play main role in regulating basal
fatty acid oxidation in resting muscle, which are in line with recent
reports [9,16,29].

Myokines are secreted into circulation by muscle to mediate
metabolism in muscles or regulate inter-tissue crosstalk to control
integrated physiology [30e32]. We proposed that myokines might
participate in the whole body lipid metabolism through circulation.
Gene expression analysis revealed that AMPKa2 knockout in
muscle altered the expression of myokines at both mRNA and
protein levels (Fig. 4). MSTN was up-regulated after AMPKa2
knockout. MSTN not only regulates muscle growth and develop-
ment, but inhibit fat mass and improve insulin sensitivity [33].
FNDC5 and FGF21 are reported to activate adipose thermogenesis,
providing a robust defense against hypothermia [34,35]. In this
study, the FNDC5 was down-regulated by AMPKa2 knockout.
However, higher expression of FGF21 mRNA was detected in the
muscle of mAMPKa2-KO mice, which might contributed to the
resistance to high fat induced obesity. Overexpression of CXCL1
within a physiological range attenuates diet-induced obesity, likely
mediated through improved fatty acid oxidation [36]. Higher level
of CXCL1 mRNA in the muscle of mAMPKa2-KO mice suggests that
the lack of AMPKa2 activity alters the expression of CXCL1, thus
improving fatty acid oxidation and antagonizing obesity. Admin-
istration of recombinant myonectin tomice reduces circulating free
fatty acid [37], The expression of this myokine was detected to be
down-regulated after AMPKa2 knockout. Seemingly, the reduced
expression of myonectin in mAMPKa2-KO mice should lead to
higher FFAs in serum, but lower blood FFAs were determined in
mutant mice (Table 1). We do not know the exact mechanism, but
we proposed that the altered expression of myonectin might be
associated with the increased FFAs in the skeletal muscle (Fig. 2K).
Muscle IL-6 and Insl6 are important factors for muscle regeneration
[38,39]. In this study, the expression of these two chemokines was
detected to be up-regulated (Fig. 4), but the muscle growth and
development in mAMPKa2-KO was inhibited. More studies about
their role in adipogenesis and lipid accumulation are
recommended.

In conclusion, a muscle-specific ablation in AMPKa2 reduces
ACC phosphorylation, but does not exacerbate high fat diet induced
obesity and insulin resistance in mice, suggesting that defect in
AMPKa2 signaling does not necessarily lead to dysfunction in lipid
metabolism, obesity and insulin resistance. Knockout of AMPKa2
alters the expression of several genes related to lipid metabolism.
More importantly, AMPKa2 may regulate whole body lipid meta-
bolism and obesity by regulating myokine expression.
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