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ABSTRACT 

Type 1 diabetes mellitus (T1DM) is caused by a consequence of pancreatic β-cell destruction leading 

to insulin deficiency, a defect that causes hyperglycemia, ketoacidosis, high plasma fatty acid level 

and cachexia. I explored the role of AMPK in skeletal muscle in those metabolic changes in 

streptozotocin (STZ)-induced insulin-deficient diabetes mellitus (IDDM) mice. I found that STZ-

induced IDDM activates AMPK and its signaling pathways in skeletal muscle. Surprisingly, 

inhibition of AMPK activation in skeletal muscle in STZ-induced IDDM by preferentially 

expressing dominant-negative AMPK (DN-AMPK), decreased plasma concentration of glucose, 

fatty acids, ketone bodies, and gluconeogenic hormones, although plasma insulin level remains low. 

Moreover, STZ-treated DN-AMPK expressing mice improved the weight loss of white adipose 

tissue (WAT) and skeletal muscle, and body weight loss, leading to increased survival rate. WAT in 

STZ-induced IDDM mice increased UCP1 (uncoupling protein 1) expression as well as decreased 

expression of lipogenic enzymes, but those were returned to the control levels in STZ-treated DN-

AMPK expressing mice. STZ-treated DN-AMPK expressing mice recovered plasma concentration 

of leptin that has been known to stimulate whole body glucose and lipid metabolism in IDDM.  

Interleukin-6 (IL-6) is released from skeletal muscle and stimulates lipolysis in adipose 

tissues, and a novel myokine, irisin, induces thermogenic protein UCP1 in WAT. I found that 



- 3 - 

 

expressions of IL-6 and irisin increased in skeletal muscle and their plasma concentrations in STZ-

induced IDDM mice, but those returned to the control levels in STZ-treated DN-AMPK expressing 

mice. Furthermore, infusion of neutral antibody for IL-6 or infusion of leptin by osmotic minipump, 

improved the metabolic changes in STZ-induced IDDM mice, similar to those in STZ-treated DN-

AMPK expressing mice. These results thus unveil a key role for muscle AMPK in metabolic 

abnormalities in STZ-induced IDDM, and important role of organ networks in the metabolic 

regulation.  

 

  



- 4 - 

 

INTRODUCTION 

Type 1 diabetes mellitus (T1DM) is caused by a consequence of pancreatic β-cell destruction leading 

to insulin deficiency, a defect that causes hyperglycemia, ketoacidosis, high plasma fatty acid level 

and cachexia (1, 2). Cachexia includes atrophy of white adipose tissue and skeletal muscle, leading 

to a deadly condition. At present, insulin is only assumed to reverse this lethal catabolic syndrome. 

However, even with insulin therapy, patients with T1DM suffer secondary complications such as 

heart disease, nephropathy and hypertension (3-5). Furthermore, long-term insulin treatment 

underlies the increased ectopic lipid deposition in non-adipose tissues and incidence of coronary 

artery disease in more than 90% of the T1DM patients after the age of 55 years (6-8), probably 

because of the insulin’s lipogenic and cholesterogenic actions. Moreover, intensive insulin therapy 

significantly increases risk for hypoglycemia, an event that is disabling and can even be fatal. Thus, 

despite the profound diabetes-improving and life-saving effects of insulin therapies, additional 

T1DM therapies are required. 

       AMPK (AMP-activated protein kinase) is a serine/threonine kinase activated in response 

to increasing intracellular (AMP and ADP)/ATP ratio (9, 10). AMPK is a heterotrimeric complex 

comprising of a catalytic α‑subunit and regulatory β- and γ‑subunits (9). Activation of AMPK 

promotes catabolic processes producing ATP such as mitochondrial biogenesis, fatty acid oxidation 
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and glucose utilization, and it inhibits anabolic pathways consuming ATP such as protein synthesis 

(9). AMPK has been shown to stimulate fatty acid oxidation via direct phosphorylation (Ser79) of 

acetyl-CoA carboxylase (ACC) and suppression of its activity. Suppression of ACC activity 

decreases production of malonyl-CoA, an allosteric inhibitor of carnitine palmitoyltransferase I 

(CPT1) that transports free fatty acids from cytosol to mitochondrion, leading to fatty acid oxidation 

(11). AMPK also activates PGC-1α, a transcription co-factor for mitochondrion-related gene 

expressions, via nicotinamide phosphoribosyltransferase (NAMPT) and SIRT1 (sirtuin-1: a NAD+-

dependent deacetylase)-dependent pathway (12-14). Moreover, AMPK inhibits protein synthesis 

via directly phosphorylating TSC2 (Tuberous sclerosis protein 2) and thereby inhibiting mTOR 

(mammalian target of rapamaicin) and S6K (p70 S6 kinase) signaling pathway (15, 16). 

Furthermore, AMPK directly phosphorylates ULK1 (unc-51-like kinase 1), and increases the 

expression of LC3-II (an executive factor of autophagy) (17-19), inducing autophagy.  

       In the present study, I explored the role of AMPK in skeletal muscle in metabolic changes 

in STZ-induced insulin-deficient diabetes mellitus (IDDM) in mice. I speculated that insulin 

deficiency and decreased glucose utilization in skeletal muscle activates AMPK in the tissue. I found 

that STZ-induced IDDM activates AMPK and its signaling pathways in skeletal muscle. 

Surprisingly, inhibition of AMPK activation in skeletal muscle in IDDM by expressing dominant-
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negative AMPK (DN-AMPK) in the tissue preferentially improved metabolic changes in STZ-

induced IDDM such as hyperglycemia and decreased plasma concentrations of free fatty acids, 

ketone bodies and gluconeogenic hormones such as epinephrine, norepinephrine and corticosterone, 

although plasma insulin level remains low. Moreover, STZ-treated DN-AMPK expressing mice 

increased amount of adipose tissues, skeletal muscle, and body weight, and then increased survival 

rate. STZ-treated DN-AMPK expressing mice also recovered plasma concentration of leptin that 

stimulates glucose utilization in muscle (20-22) and reverses the impaired whole body glucose 

metabolism in STZ-induced IDDM (23, 24). The present study provides a novel insight for 

important role of organ networks in metabolic regulation in IDDM. 
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METHODS 

Animals 

Male C57BL/6J mice (Nihon SLC, Hamamatsu, Japan) and skeletal muscle-specific DN-AMPK 

expressing mice (DN-AMPK mice) (29) were studied at 10 to 12 weeks of age. DN-AMPK mice 

were overexpressed mutated α1 catalytic subunit of AMPK, which is changed the residue asparagic 

acid at 157th to alanine (Asp157Ala), preferentially in skeletal muscle under the control of human 

α-skeletal actin promoter (29). Asp 157 lies in the conserved DFG (subdomain VII in the protein 

kinase catalytic subunit) motif, which is essential for Mg2+-ATP binding in protein kinases (29). The 

animals were housed individually in plastic cages at 24° ± 1°C with lights on from 06:00 to 18:00 

hr, and they were maintained with free access to a laboratory diet (Oriental Yeast, Tokyo, Japan) and 

water. Mice were manipulated by twice intraperitoneal (i.p.) injections of STZ (200 mg/Kg) (Sigma, 

Tokyo, Japan) on the 1st and 3rd day (STZ-treated WT mice and STZ-treated DN-AMPK mice). 

Another groups of mice (WT mice and DN-AMPK mice) were injected vehicle as those in STZ-

treated mice. One week after the 2nd injection, glucose tolerance test (GTT), fat loading test and 

pyruvate tolerance test were performed. Blood was collected from the tail every day, and plasma 

concentration of glucose was measured with kits (Glucose: Glucose CII-test, Wako, Osaka, Japan). 

Two weeks after the 2nd injection of STZ, mice were decapitated, and tissues and blood samples 

were collected at 1:00 PM. All animal experiments were approved by the ethics committee for 
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animal experiments of the National Institute for Physiological Sciences. 

 

Glucose tolerance, pyruvate tolerance and fat loading tests 

After overnight fasting, animals were injected i.p. glucose (2 g/kg) for glucose tolerance test (GTT) 

and sodium pyruvate (2 g/kg) for pyruvate tolerance test, respectively. Blood was collected from the 

tail at 0, 30, 60, 90, and 120 min after glucose injection. Plasma concentrations of glucose and insulin 

were measured with kits (Glucose: Glucose CII-test, Wako; Insulin: Mouse Insulin ELISA KIT (U-

type), Shibayagi) (see Table 1). 

Fat loading test was performed as described previously (30). After 4 hour fasting, mice 

were ingested triolein (17 l/g, KANTO CHEMICAL CO.,INC, Tokyo, Japan) intragastrically by 

gavage, and blood was collected from the tail serially at 0, 30, 60, 120, 180 and 300 minutes. Plasma 

concentrations of free fatty acids, triglyceride and insulin were measured with kits (free fatty acids: 

NEFA C-test, Wako; triglyceride: Triglyceride E-test, Wako; Mouse Insulin ELISA KIT (U-type), 

Shibayagi) (see Table 1). 
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Immunoblot analysis. 

Tissues were homogenized at 4°C in 20 mM Tris (pH 7.4), 5 mM EDTA (pH 8.0), 10 mM sodium 

pyrophosphate, 1% Triton X, phosphatase inhibitor (Calbiochem, California, USA) and proteinase 

inhibitor (Sigma). The homogenates were centrifuged, and the resulting supernatants (20 µg of 

protein) were fractionated by SDS-PAGE. Immunoblot analysis was then performed with specific 

antibodies indicated in Table 2. Immune complexes were visualized with horseradish peroxidase–

conjugated secondary antibodies (Santa Cruz Biotechnology, California, USA) and enhanced 

chemiluminescence reagents (GE Healthcare, Tokyo, Japan). Protein bands were quantified using 

Image J software (National Institutes of Health, http://rsbweb.nih.gov/ij). 

 

Measurement of acetylated PGC-1α 

The red portion of gastrocnemius muscle was homogenized at 4°C in lysis buffer containing 50 mM 

Tris (pH 7.4), 1 mM EDTA, 150mM potassium chloride, 1% NP40, 5 mM nicotinamide, 1mM 

sodium butyrate phosphatase inhibitor (Calbiochem) and proteinase inhibitor (Sigma). The muscle 

lysate (2 mg of protein) was subjected to pre-cleaning with 40 l of protein G-conjugated sepharose 

beads (GE Healthcare, Tokyo, Japan), and immunoprecipitated with 4 µg of PGC-1 (H300) antibody 

(Santa Cruz Biotechnology) and protein A-conjugated sepharose beads (GE Healthcare). The 
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resulting immunoprecipitate was boiled with 50 l of sample buffer containing 125mM Tris-

HCl(pH 6.8), 20% Glycerol, 4% SDS, 0.02% Bromophenol Blue and 20% 2-mercaptoethanol and 

subjected to Western blot analysis with antibody for acetylated-lysine (Cell Signaling Technology, 

Denvers, MA) or total PGC-1α (H300).  

 

RNA extraction and quantitative real-time PCR 

Total RNA was isolated from tissues with the use of Isogen (Nippon Gene, Wako, Japan), and 

portions of the RNA (400 ng) were subjected to reverse transcription with an oligo(dT) primer  

(Sigma) and avian myeloblastosis virus reverse transcriptase (Takara, Shiga, Japan). For quantitative 

real-time PCR, cDNA was quantified using SYBR Green PCR Master Mix with an ABI 7500 real-

time PCR system (Applied Biosystems, Tokyo, Japan) as described previously (22). Data were 

normalized by the corresponding abundance of acidic ribosomal protein for skeletal muscle and 

36B4 for adipose tissue sample. The sequences of the primers are shown in Table 3. 

 

Measurement of plasma metabolites and hormones 

Plasma concentrations of glucose, free fatty acids, triglyceride, ketone bodies, insulin, glucagon, 

corticosterone, IL-6 and irisin in blood samples were measured by kits listed in Table 1. 
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Chronic infusion of leptin and neutral antibody for IL-6 

Recombinant murine leptin (0.5 mg/ml) (PeproTech Inc., Rocky Hill, NJ) or neutral antibody for 

IL-6 (1 mg/ml) (R&D Systems, Inc., Minneapolis, MN) (31) was delivered subcutaneously with 

osmotic minipump (Alzet, model 2002, Muromachi Kikai Co., Ltd., Tokyo, Japan) at a rate of 0.5 

μl/hr for 14 days. Osmotic minipump was implanted subcutaneously under ketamine (100 mg/kg of 

body mass) and xylazine (10 mg/kg) anesthesia. The control group received phosphate-buffered 

saline delivered with the same type of pump. STZ (200 mg/kg) or vehicle was then injected i.p. 

twice on the 2nd and 4th day after implantation of osmotic minipump. Body weight and plasma 

concentrations of glucose and insulin were monitored daily. Two weeks after the implantation of 

minipump, mice were decapitated, and blood and tissue samples were collected.  

 

Statistical analysis 

Data are presented as means  standard error of the mean (SEM). Statistical comparisons among 

multiple groups were performed by analysis of variance (ANOVA) followed by Tukey's HSD post 

hoc test. Statistical analysis between 2 groups was performed by Student’s t test. A P value of <0.05 

was considered statistically significant. 
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RESULTS 

STZ-induced IDDM activates AMPK in skeletal muscle.  

I first examined whether AMPK in skeletal muscle is activated in mice by STZ-induced IDDM. 

STZ-treated WT mice increased Thr172 phosphorylation of AMPK in soleus muscle (red type of 

skeletal muscle) and extenstor digtorum longus (EDL) (mixed type of skeletal muscle) (Fig. 1A). 

Ser79 phosphorylation of ACC, which is phosphorylated by AMPK, also increased in soleus muscle 

in STZ-treated WT mice (Fig 1B). Preferential expression of the mutated α1 catalytic subunit 

increased the protein abundance of α1 AMPK in hindlimb muscles including soleus, red and white 

portions of gastrocnemimus, and EDL in DN-AMPK mice, but not other tissues such as heart muscle, 

inguinal (Ing) and epididymal (Epi) WAT, interscapular brown adipose tissue (BAT), pancreas, 

spleen or the brain (Fig. 1B and C). In contrast, as reported previously (29), the abundance of α2 

catalytic subunit of AMPK decreased in those skeletal muscles, probably due to the reason that 

single subunits of AMPK not consisted of heterotrimer are degraded (29). In parallel to the AMPK 

activation, Ser79 phosphorylation of ACC did not increase in soleus muscle in STZ-treated DN-

AMPK mice (Fig. 1B). 

       STZ treatment decreased plasma concentration of insulin (Fig. 2A) and Ser473 

phosphorylation of AKT in soleus muscle (Fig. 2B) in both STZ-treated WT and DN-AMPK mice. 

However, the plasma glucose concentration was significantly lower in STZ-treated DN-AMPK 
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mice than that in STZ-treated WT mice (Fig. 2C). Thus, preferential inhibition of AMPK activity in 

skeletal muscle improved hyperglycemia, although plasma insulin level remains low and its 

signaling in skeletal muscle was inhibited. 

 

Preferential expression of DN-AMPK in skeletal muscle improves body weight loss, 

hyperphagia, decreased survival rate, and tissue weight loss in STZ-induced IDDM. 

WT mice decreased body weight by STZ treatment (Fig. 3A). However, it significantly improved 

in STZ-treated DN-AMPK mice. STZ-induced hyperphagia was also suppressed in STZ-treated 

DN-AMPK mice (Fig. 3B). Furthermore, all STZ-treated DN-AMPK mice survived at 2 weeks 

after the 1st injection of STZ, while only 35.7% of STZ-treated WT mice did (Fig. 3C).  

STZ-treated DN-AMPK mice also significantly recovered tissue weight of soleus and 

gastrocnemius muscle, compared with those in STZ-treated WT mice (Fig. 3D). Moreover, 

decreased tissue weight of epididymal (Epi) and inguinal (Ing) WAT as well as interscapular BAT 

by STZ treatment significantly recovered in STZ-treated DN-AMPK mice (Fig. 3E). These data 

suggest that inhibition of AMPK activation in skeletal muscle improved STZ-induced atrophy of 

skeletal muscle and adipose tissue, and body weight loss, increasing survival rate.  
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Preferential expression of DN-AMPK in skeletal muscle improves systemic glucose and lipid 

metabolism. 

At two weeks after 2nd injection of STZ, STZ-treated WT mice increased plasma concentration of 

free fatty acids, triglyceride and ketone bodies, and STZ-treated DN-AMPK mice completely 

returned to the control levels (Fig. 4A). Plasma concentration of norepinephrine, epinephrine and 

corticosterone increased in STZ-treated WT mice but not STZ-treated DN-AMPK mice (Fig. 4B). 

In contrast, the concentration of plasma glucagon remained high in STZ-treated DN-AMPK mice, 

similar to that in STZ-treated WT mice (Fig. 4B). Thus, partial improvement of plasma glucose level 

in STZ-treated DN-AMPK mice is due to hyperglucagonemia in the mice (Fig. 2C). 

To further investigate the effect of muscle specific DN-AMPK expression on systemic 

glucose and lipid metabolism, I performed glucose tolerance test (GTT) and pyruvate tolerance test, 

and fat (triolein) loading test after four hours fasting. STZ-treated WT mice largely increased plasma 

glucose concentration in response to GTT (Fig. 5A). However, STZ-treated DN-AMPK mice 

significantly improved the plasma glucose level (Fig. 5A). Increase in plasma free fatty acids and 

triglyceride levels in response to triolein ingestion, also improved in STZ-treated DN-AMPK mice 

(Fig. 5C). During the experiments, plasma insulin concentration was low in STZ-treated DN-AMPK 

mice, similar to that in STZ-treated WT mice (Fig. 5B and D). Furthermore, pyruvate tolerance test, 
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which is associated with gluconeogenic activity in the liver, revealed that increased plasma glucose 

level in response to pyruvate injection, significantly improved in STZ-treated DN-AMPK mice (Fig. 

5E). mRNA abundance of phosphoenolpyuruvate carboxylase (PEPCK) decreased in the liver in 

STZ-treated DN-AMPK mice (Fig. 5F). These data suggest that the inhibition of AMPK activity in 

skeletal muscle improved systemic glucose and lipid metabolism even though plasma insulin level 

remains low.  

 

Preferential expression of DN-AMPK in skeletal muscle inhibits activation of AMPK-related 

signals in skeletal muscle in response to STZ-induced IDDM. 

Fig. 1B revealed that IDDM stimulates ACC phosphorylation in skeletal muscle in parallel to the 

AMPK activation. I further examined other downstream signals related to AMPK in soleus muscle. 

STZ-treated WT mice increased mRNA abundance of NAMPT and SIRT1 in soleus muscle, but 

those changes were reversed in STZ-treated DN-AMPK mice (Fig. 6A). Furthermore, abundance 

of the acetylated PGC-1α in red portion of gastrocnemius muscle decreased in STZ-treated WT but 

not STZ-treated DN-AMPK mice (Fig. 6B). 

Autophagy plays an important role in adaptive response of skeletal muscle in energy crisis 

such as long-term starvation (32-34). AMPK regulates autophagy via direct phosphorylation 
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(Ser555) of ULK1 and then increase in the protein abundance of LC3-II (17-19). STZ-treated WT 

mice increased the phosphorylation of ULK1 and protein abundance of LC3-II in soleus muscle, 

but those changes were reversed in STZ-treated DN-AMPK mice (Fig. 6C and D).   

AMPK has been shown to inhibit protein synthesis by increasing phosphorylation 

(Ser1387) of TSC2 (Tuberous sclerosis complex) and decreasing mTOR signal (15, 16). STZ-treated 

WT mice increased the phosphorylation of TSC2 (Ser1387), and it decreased that of S6K (Thr389) 

in soleus muscle. Those were returned to the control levels in STZ-treated DN-AMPK mice (Fig. 

6E and F).  

 

Preferential expression of DN-AMPK in skeletal muscle reverses AMPK activation and 

altered gene expressions in WAT in STZ-induced IDDM 

To explore the mechanism for atrophy of WAT in IDDM mice, I examined AMPK activation and 

gene expressions in WAT in STZ-treated WT and DN-AMPK mice. Similar to that in skeletal 

muscle, AMPK was activated in Ing WAT in STZ-treated WT mice, and the activation was blunted 

in STZ-treated DN-AMPK mice (Fig. 7A). AMPK has been shown to inhibit lipogenesis and its 

related gene expression in adipocytes (35). mRNA abundance of fatty acid synthase (FAS) and 

lipoprotein lipase (LPL) was decreased in inguinal (Ing) WAT in IDDM WT mice, but those 
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expressions were significantly recovered in STZ-treated DN-AMPK mice (Fig. 7B). Moreover, 

unexpectedly, I found that STZ-treated WT mice increased gene expression of UCP1 and Cidea 

(cell-death-inducing DFF45-like effector A) in Ing WAT, and those expressions were suppressed in 

STZ-treated DN-AMPK (Fig. 7B). These results suggest that atrophy of WAT is induced by 

suppression of lipogenesis and probably enhanced by increased expressions of thermogenic protein 

UCP1 in WAT.  

 

STZ-induced IDDM increases expression of myokines in skeletal muscle in AMPK-dependent 

manner 

To explore the mechanism by which suppression of AMPK activation in skeletal muscle improved 

“lipoatrophy” in STZ-induced IDDM, I examined the expression of myokines that affect adipocyte 

metabolism. Recent study revealed that a novel myokine, irisin, is produced from FNDC5 

(fibronectin type III domain containing 5) in skeletal muscle in PGC-1α-dependent manner (27), 

and induces UCP1 and related gene expressions in subcutaneous WAT. Consistent with PGC-1α 

activation in skeletal muscle, STZ-treated WT mice increased abundance of FNDC5 protein in 

soleus muscle (Fig. 8A) and concentration in plasma irsin (Fig. 8B). Those were completely reversed 

to the control levels in STZ-treated DN-AMPK mice. 
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IL-6 is another myokine released from skeletal muscle, and stimulates lipolysis in WAT (25, 

26). IL-6 has been reported to activate AMPK (26). STZ-treated WT mice increased abundance of 

IL-6 protein in soleus muscle (Fig. 8C) and concentration in plasma IL-6 (Fig. 8D), but those were 

decreased in STZ-treated DN-AMPK mice. I examined plasma concentration of IL-15, which has 

been reported to be released from skeletal muscle (36). However, IL-15 did not increase in plasma 

in STZ-treated WT mice (data not shown).  

 

Plasma concentrations of leptin and adiponectin in STZ-treated WT and DN-AMPK mice 

Leptin is secreted from adipocytes and its secretion is closely associated with amount of WAT. 

Leptin has been shown to stimulate glucose utilization in skeletal muscle via sympathetic nerve and 

β-adrenergic receptor in the tissue (20-22). Furthermore, chronic leptin treatment improves 

metabolic changes in IDDM including STZ-induced diabetes through the central nervous system 

(23, 24, 37, 38). Another adipocyte hormone adiponectin also stimulates glucose and lipid utilization 

in skeletal muscle and suppresses glucose production in the liver (39). I found that concentration of 

plasma leptin was decreased in STZ-treated WT mice and it was significantly recovered in STZ-

treated DN-AMPK mice (Fig. 9A). Plasma concentration of high molecular weight of adiponectin 

did not alter in STZ-treated WT mice (Fig. 9B), but it increased in STZ-treated DN-AMPK mice 
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(Fig. 9B).  

 

Chronic infusion of leptin or neutral antibody for IL-6 improves metabolic abnormalities in 

STZ-induced IDDM 

To explore the role of leptin and IL-6 in metabolic changes in STZ-induced IDDM, I infused leptin 

or neutral antibody for IL-6 into STZ-induced IDDM C57Bl/6J mice for 2 weeks, using osmotic 

minipump. Infusion of leptin decreased plasma concentration of glucose to the control level without 

STZ treatment (Fig. 10A). Infusion of IL-6 antibody also decreased the plasma concentration of 

glucose (Fig. 10A). Furthermore, concentration of plasma free fatty acids returned to the control 

level by infusion of leptin and IL-6 antibody (Fig. 10A).  

Infusion of leptin increased the concentration of plasma leptin to approximate 30 ng/ml on 

3rd day after the implantation of minipump (data not shown) and kept the concentration upto the 

end of experiment (2 weeks) (Fig. 10B). Consistent with the increased amount of adipose tissues, 

infusion of IL-6 antibody significantly increased plasma leptin concentration compared with that of 

STZ treatment alone (STZ + vehicle: 0.12  0.01 ng/ml; STZ + IL-6 antibody: 4.18  0.57 ng/ml) 

(Fig. 10B). Concentrations of plasma IL-6 and irisin were decreased by infusion of IL-6 antibody 

and leptin (Fig. 10B). In contrast, concentrations of plasma insulin were low after infusion of IL-6 
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antibody and leptin, similar to that after STZ treatment alone (Fig. 10B).  

 I next examined tissue amount of skeletal muscle, WAT and BAT after infusion of leptin, 

or antibody for IL-6 in STZ-induced IDDM. All of the infusions increased the amount of soleus, 

EDL and gastrocnemius muscle (Fig. 10C). Furthermore, infusion of antibody for IL-6 increased 

the amount of Epi and Ing WAT and BAT (Fig. 10C). Infusion of leptin also recovered the amount 

of those adipose tissues slightly (Fig. 10C). The smaller increase in adipose tissue amount by leptin 

infusion than that of infusion of IL-6 antibody may be due to the catabolic effect of leptin on lipid 

metabolism in adipose tissue (Fig. 10C). Together, these results suggest that STZ-induced IDDM 

activates AMPK in skeletal muscle and induces muscle atrophy, thereby increasing IL-6 and irisin 

production (Fig. 11). Increase in plasma level of IL-6 stimulates catabolic process in adipose tissue, 

then decreasing leptin production. Irisin may also induce UCP1 expression and decrease amount of 

WAT. Decreased concentration of plasma leptin impairs glucose and lipid metabolism in skeletal 

muscle, and induces a vicious cycle in organ networks.      
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DISCUSSION  

The present data revealed that AMPK in skeletal muscle plays an important role in metabolic 

changes in STZ-induced IDDM. I found that inhibition of AMPK activation in skeletal muscle 

improved glucose and lipid metabolism in STZ-induced IDDM. Glucose tolerance, fat loading and 

pyruvate tolerance tests revealed the improvement of whole body metabolism in IDDM, although 

plasma insulin level remains low. Furthermore, inhibition of AMPK activation in skeletal muscle 

significantly prevented atrophy of muscle and adipose tissue, and increased survival rate. I found 

that IL-6 and adipocyte hormone leptin were possibly mediators involved in the metabolic changes 

in STZ-induced IDDM. Thus, the present data suggest that metabolic abnormalities in STZ-induced 

IDDM are caused by a vicious cycle in organ networks including muscle and adipose tissue. 

 Leptin is an adipocyte-derived hormone that plays an important role in glucose metabolism 

in peripheral tissues including skeletal muscle and BAT, as well as energy metabolism in mammals 

(20-22). Treatment with leptin ameliorates diabetes in both lipodystrophic mice and humans (40, 

41) as well as type I (23, 24) and obesity-unrelated type II diabetes in rodents (42). In the present 

study, I found that suppression of AMPK activity in skeletal muscle increases plasma leptin level. 

Furthermore, leptin infusion improved metabolic abnormalities and atrophy of muscle and adipose 

tissues. IL-6 antibody infusion also improved those metabolic changes in STZ-induced IDDM, 

increasing plasma leptin level. Thus, the results suggest that low plasma leptin level in IDDM 
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associated with “lipoatrophy” caused the metabolic abnormalities in STZ-induced IDDM. Recovery 

of tissue amount of skeletal muscles and BAT by leptin plays a role in the improvement of glucose 

and lipid metabolism in STZ-induced IDDM, because BAT as well as skeletal muscle is an 

important organ for glucose metabolism in rodents. BAT has been shown to secret FGF21 (fibroblast 

glucose factor 21) that regulates whole body glucose homeostasis (43). Recent studies demonstrate 

that leptin stimulates glucose uptake and fatty acid oxidation in skeletal muscle through the 

hypothalamus and sympathetic nervous system (20-22, 44). The increase in glucose uptake and fatty 

acid oxidation by leptin appears to be mediated by distinct intracellular signals in muscle; glucose 

uptake of muscle in response to leptin is mediated by β-adrenergic receptor (21, 22), while fatty acid 

oxidation is mediated by α-adrenergic receptor and activation of muscle AMPK (44). Activation of 

AMPK thus mediates leptin-induced fatty acid oxidation but not glucose uptake in skeletal muscle. 

Because impairment of glucose utilization inhibits oxidation of acetyl-CoA in TCA cycle, decrease 

of plasma level of leptin as well as insulin may impair both glucose and lipid metabolism in skeletal 

muscle in STZ-induced IDDM even though AMPK is activated in the tissue. Instead, activation of 

AMPK probably causes severe catabolic process in skeletal muscle by inhibiting protein synthesis 

and activating autophagy. In the present study, I used a single dose of leptin that increased plasma 

leptin concentration approximately 3-folds. In future study, I need to examine whether physiological 
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concentration of leptin recovers those metabolic abnormalities in STZ-induced IDDM. Adiponectin 

has also been reported to stimulate glucose and lipid metabolism in skeletal muscle and inhibits 

glucose production in the liver (39). The present data revealed that plasma adiponectin level 

increased in STZ-treated DN-AMPK mice, while it did not change in STZ-treated WT mice. The 

increased level of plasma adiponectin may improve glucose and lipid metabolism in the mice, while 

the mechanism by which plasma concentration of high molecular weight adiponectin increased in 

STZ-treated DN-AMPK mice. Thus, the present results suggest that inhibition of AMPK activation 

in skeletal muscle bunts a vicious cycle in IDDM through correcting organ networks for metabolic 

regulation.       

 IL-6 is a myokine that is released from skeletal muscle and stimulates lipolysis in adipose 

tissue (26). I found that STZ-induced IDDM increased IL-6 production in skeletal muscle and its 

plasma concentration, and these are completely reversed by suppression of AMPK activation in 

skeletal muscle. Infusion of IL-6 antibody improved hyperglycemia, plasma level of free fatty acids 

and atrophy of adipose tissues and skeletal muscle. A preliminary result of Dr. Sato in Division of 

Endocrinology and Metabolism in National Institute for Physiological Sciences, have shown that 

chronic treatment with IL-6 enhances UCP1 expression by norepinephrine and decreased 

triglyceride amount in primary culture of white adipocytes isolated from subcutaneous WAT in mice. 
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In the present study, concentration of plasma norepinephrine and epinephrine increased in STZ-

treated WT mice but not in STZ-treated DN-AMPK mice. It is possible that increased concentration 

of plasma IL-6 as well as norepinephrine and epinephrine enhanced UCP1 gene expression as well 

as lipolysis in WAT. At present, it remains unknown the mechanisms by which IL-6, norepinephrine, 

epinephrine, and corticosterone are increased in STZ-induced IDDM.  

Irisin is also a novel myokine that is released from skeletal muscle in PGC-1α-dependent 

manner and induces UCP1 expression in subcutaneous WAT (25). While physiological relevance of 

irisin for UCP1 expression and its role in energy homeostasis in WAT are still unknown, the present 

data suggest that irisin may increase UCP1 expression in WAT and is involved in the decreased 

amount of WAT in STZ-induced IDDM mice. In support of this, my preliminary results showed that 

infusion of neutral antibody for irisin improved hyperglycemia and atrophy of skeletal muscle and 

adipose tissues, similar to those of infusion of IL-6 antibody (data not shown). Furthermore, I have 

examined the effect of STZ-induced IDDM on those metabolic parameters in UCP1-knockout (KO) 

mice. The preliminary results revealed that UCP1-KO mice improved the metabolic abnormalities 

in STZ-induced IDDM, compared with those in WT mice (data not shown). Interestingly, I found 

that infusion of IL-6 antibody decreased plasma irisin level as well as IL-6 in STZ-induced IDDM. 

It is speculated that infusion of IL-6 antibody improved metabolic abnormalities in skeletal muscle 
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via improvement of metabolic changes in adipose tissues. Alternatively, infusion of IL-6 antibody 

may inhibit IL-6-induced AMPK activation in skeletal muscle and thereby decrease irisin secretion. 

       Pyruvate tolerance test revealed that inhibition of AMPK activation in skeletal muscle 

improved gluconeogenesis from pyruvate to glucose in STZ-treated DN-AMPK mice. Increased 

mRNA abundance of PEPCK in the liver in STZ-induced IDDM significantly decreased in STZ-

treated DN-AMPK mice. The improvement of gluconeogenic activity in the liver is probably 

mediated by the decreased level of plasma norepinephrine, epinephrine and corticosterone. 

Furthermore, the recovery of plasma leptin level and increased plasma adiponetin level may 

decrease glucose production in the liver. Infusion of leptin has been reported to decrease mRNA 

abundance of PEPCK in the liver in IDDM mice (24). Partial recovery on GTT and pyruvate 

tolerance test in STZ-treated DN-AMPK mice may be due to the increased level of plasma glucagon. 

Infusion of pharmacological dose of leptin has been shown to reduce plasma glucagon level and 

improve hyperglycemia completely (24). Further investigation is necessary to explore the effects of 

several dose of leptin on plasma level of glucagon as well as glucose. 

 Collectively, I found that inhibition of AMPK activation in skeletal muscle improves 

metabolic abnormalities in STZ-induced IDDM. Furthermore, infusion of neutral antibody for IL-6 

as well as leptin improved the metabolic abnormalities. These results suggest that the metabolic 
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changes in IDDM are caused by a vicious cycle of organ networks in IDDM, rather than insulin 

deficiency itself. Insulin treatment has been assumed to be only a therapy to prevent hyperglycemia 

during feeding. However, the present results of GTT, fat loading and pyruvate tolerance tests showed 

that inhibition of AMPK activation in skeletal muscle prevented the increase in plasma lipids as well 

as glucose in STZ-induced IDDM. Therefore, the suppression of AMPK activity and IL-6 signals, 

as well as leptin infusion therapy, probably reduces the dose of insulin required for IDDM therapy. 

The present study provides a novel insight for important role of organ networks in metabolic 

regulation in IDDM. 
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Figure 1. STZ-induced IDDM activates AMPK in skeletal muscle and DN-AMPK mice suppress 

the activation. 

(A) Phosphorylation (Thr172) and total AMPK, and (B) phosphorylation (Ser79) and total ACC, 

and α1 and α2 AMPK, in soleus muscle in vehicle- and STZ-treated WT mice 2 weeks after 1st 

injection of STZ. Data of bar graphs were expressed as percentage of total AMPK (α1 plus α2) and 

ACC, respectively. Representative immunoblots are shown above the quantitative data.  

(C) Immunoblots with antibodies for α1 and α2 AMPK in skeletal muscles (soleus, red and white 

portion of gastrocnemius, and EDL), heart, inguinal (Ing) and epididymal (Epi) WAT, pancreas, 

spleen and whole brain in WT and DN-AMPK mice. 

EDL, extensor digitorum longs. All quantitative data are mean  SEM. [n=8-10 for soleus and n=4-

5 for EDL in Fig. 1A, n=5-10 for Fig. 1B] Error bar represents the SEM. *p<0.05 versus vehicle-

injected mice. †p<0.05 versus STZ-treated WT mice. 
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Figure 2. STZ-induced IDDM decreased plasma insulin levell, insulin signal in skeletal muscle, and 

increased plasma glucose level. However, DN-AMPK mice improved the hyperglycemia.  

(A) Plasma concentration of insulin, (B) phosphorylation (Tyr473) of AKT, and (C) plasma 

concentration of glucose, in WT and DN-AMPK mice 2 weeks after 1st injection of STZ or vehicle.  

Data of bar graph in (B) were expressed as percentage of total AKT. Representative immunoblots 

are shown above the quantitative data. 

All quantitative data are mean ± SEM. [n=7-10 in Fig. 2A and 2C, n=5-10 for Fig. 2B] Error bar 

represents the SEM. *p<0.05 versus vehicle-injected WT mice. #p<0.05 versus vehicle-injected DN-

AMPK mice. 
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Figure 3. DN-AMPK mice improved body weight loss, hyperphagia, decreased survival rate, and 

tissue weight loss in STZ-induced IDDM. 

(A) Change in body weight. Photograph is WT and DN-AMPK mice at 2 weeks after 1st injection 

of STZ or vehicle.  

(B) Daily food intake 2 weeks after 1st injection of STZ or vehicle.  

(C) Survival curve of STZ-treated WT and DN-AMPK mice. Survival rate of STZ-treated WT and 

DN-AMPK mice at 2 weeks after the 1st injection were significantly different with t-test †p<0.05 

versus STZ-injected WT mice.  

(D) Tissue weight of skeletal muscles (soleus and gastrocnemius) 2 weeks after 1st injection of STZ 

or vehicle. Photograph is hindlimbs of STZ-treated WT and DN-AMPK mice.  

(E) Tissue weight of adipose tissues [epididymal (Epi) and inguinal (Ing) WAT and BAT], 2 weeks 

after 1st injection of STZ or vehicle. Photograph is Epi WAT in abdomen (left) and Epi WAT 

dissected together with testis (right) in STZ-treated WT and DN-AMPK mice. 

WT + vehicle: vehicle-treated WT mice; WT + STZ: STZ-treated WT mice; DN-AMPK + vehicle: 

vehicle-treated DN-AMPK mice; DN-AMPK + STZ: STZ-treated DN-AMPK mice. All 

quantitative data are mean  SEM (n=6-14). Error bar represents the SEM. *p<0.05 versus vehicle-

injected WT mice. †p<0.05 versus STZ-injected WT mice.  
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Figure 4. DN-AMPK mice improved plasma level of metabolites and gluconeogenic hormones, but 

not glucagon in STZ-induced IDDM.  

(A) Concentrations of plasma free fatty acids, triglyceride and ketone bodies, and (B) concentrations 

of plasma norepinephrine, epinephrine, corticosterone and glucagon in WT and DN-AMPK mice 2 

weeks after 1st injection of STZ or vehicle.  

All quantitative data are mean ± SEM. [n=7-10 in Fig. 4A and 4B, n=4 for plasma norepinepherine 

and epinepherine] Error bar represents the SEM. *p<0.05 versus vehicle-treated WT mice. †p<0.05 

versus STZ-treated WT mice. #p<0.05 versus vehicle-treated DN-AMPK mice.  
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Figure 5. DN-AMPK mice improved systemic glucose and lipid metabolism in STZ-induced IDDM.  

(A, B) Plasma concentrations of glucose (A) and insulin (B) during intraperitoneal (i.p.) glucose 

injection 1 week after 1st injection of STZ or vehicle.  

(C, D) Plasma concentrations of free fatty acids and triglyceride (C) and insulin (D) during fat 

loading test 1 week after 1st injection of STZ. Triolein was ingested intragastrically by gavage.  

(E) Plasma concentration of glucose during intraperitoneal (i.p.) pyruvate tolerance test 1 week after 

1st injection of STZ or vehicle, and mRNA abundance of PEPCK in the liver 2 week after the 

injection. 

Bar graphs: area under the curve (AUC) of plasma glucose concentration. AU, arbitrary unit. WT + 

vehicle: vehicle-treated WT mice; WT + STZ: STZ-treated WT mice; DN-AMPK + vehicle: 

vehicle-treated DN-AMPK mice; DN-AMPK + STZ: STZ-treated DN-AMPK mice.  

(F) mRNA abundance of PEPCK in liver in WT and DN-AMPK mice 2 weeks after 1st injection 

of STZ or vehicle.  

All quantitative data are mean ± SEM [n=6 for (A-D), n=4 for (E), n=6-8 for (F)]. Error bar 

represents the SEM. *p<0.05 versus vehicle-treated WT mice. †p<0.05 versus STZ-treated WT mice.  
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Figure 6. Down-stream signals of AMPK in soleus muscle in WT and DN-AMPK mice after 

injection of STZ or vehicle. 

(A) mRNA abundance of NAMPT and SIRT1 in soleus muscle, (B) protein abundance of acetylated 

PGC-1α in red portion of gastrocnemius muscle, (C) phosphorylation (Ser555) of ULK1 in soleus 

muscle, (D) protein abundance of LC3-II in soleus muscle, (E) phosphorylation (Ser1387) of TSC2 

in soleus muscle, and (F) phosphorylation (Ser389) of S6K in soleus muscle, in WT and DN-AMPK 

mice 2 weeks after 1st injection of STZ or vehicle.  

Data of bar graphs were expressed as percentage of total PGC-1α (B), total ULK1 (C), α-tubulin 

(D), total TSC2 (E) and total S6K (F), respectively. All quantitative data are mean ± SEM. (n=5-10) 

Error bar represents the SEM. *p<0.05 versus vehicle-treated WT mice. †p<0.05 versus STZ-treated 

WT mice.  
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Figure 7. DN-AMPK mice suppressed AMPK activation and recovered altered gene expressions in 

WAT in STZ-induced IDDM. 

(A) Representative immunoblot of phosphorylation (Thr172) and total AMPK (α1 plus α2) in 

inguinal (Ing) WAT in WT and DN-AMPK mice 2 weeks after 1st injection of STZ or vehicle. The 

Bar graph at right side shows the quantitative data expressed as percentage of total AMPK (α1 plus 

α2).  

(B) mRNA abundance of FAS, LPL, UCP1 and Cidea in inguinal WAT in WT and DN-AMPK 

mice 2 weeks after 1st injection of STZ or vehicle.  

All quantitative data are mean ± SEM. [n=4 for (A) and n=6 for (B)] Error bar represents the SEM. 

*p<0.05 versus vehicle-treated WT mice. †p<0.05 versus STZ-treated WT mice.  
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Figure 8. STZ-induced IDDM increased expression of myokines irisn and IL-6 in skeletal muscle 

in AMPK-dependent manner. 

(A) Protein abundance of FNDC5, the precursor of irisin, in soleus muscle, (B) plasma concentration 

of irisin, (C) protein abundance of IL-6, and (D) plasma concentration of IL-6, in WT and DN-

AMPK mice 2 weeks after 1st injection of STZ or vehicle. Data of bar graph for immunobolots were 

expressed as percentage of that of α-tubulin. Representative immunoblots with antibodies are shown 

above the quantitative data. 

All quantitative data are mean ± SEM (n=5-6). Error bar represents the SEM. *p<0.05 versus 

vehicle-treated WT mice. †p<0.05 versus STZ-treated WT mice. 
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Figure 9. DN-AMPK mice altered plasma leptin and adiponectin levels in STZ-induced IDDM. 

(A, B) Plasma concentrations of (A) leptin and (B) high molecular weight of adiponectin in WT and 

DN-AMPK mice 2 weeks after 1st injection of STZ or vehicle.  

All quantitative data are mean ± SEM (n=7-9). Error bar represents the SEM. *p<0.05 versus 

vehicle-treated WT mice. †p<0.05 versus STZ-treated WT mice. #p<0.05 versus vehicle-treated DN-

AMPK mice. 
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Figure 10. Chronic infusion of leptin or neutral antibody for IL-6 improved metabolic abnormalities 

in STZ-induced IDDM. 

(A) Changes in plasma glucose concentration in vehicle- and leptin-treated and IL-6 antibody-

treated C57BL/6J mice after STZ injection. Osmotic minipump was implanted s.c. on 1st day of the 

experiment, and STZ was injected twice on the 2nd and 4th day.  

Left graph: changes in plasma glucose concentration for 2 weeks. Vehicle + vehicle: vehicle-treated 

and vehicle infused mice; STZ + vehicle: STZ-treated and vehicle-infused mice; STZ + IL-6 

antibody: STZ-treated and IL-6 antibody-infused mice; STZ + leptin: STZ-injected and leptin-

infused mice. *p<0.05 versus STZ-treated and vehicle-infused mice. 

Middle and Right graphs: concentrations of glucose (middle) and free fatty acids (right) at 2 weeks 

after implantation of pump and STZ injection. Vehicle + vehicle: vehicle-treated and vehicle infused 

mice; STZ + vehicle: STZ-treated and vehicle-infused mice; STZ + IL-6 antibody: STZ-treated and 

IL-6 antibody-infused mice; STZ + leptin: STZ-injected and leptin-infused mice. *p<0.05 versus 

vehicle-infused and vehicle-treated (without STZ injection) mice. 

(B) Concentrations of plasma leptin, IL-6, irisin and insulin in vehicle- and leptin-treated and IL-6 

antibody-treated C57BL/6J mice at 2 weeks after implantation of pump and STZ injection. *p<0.05 
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versus corresponding value on the 1st day. †p<0.05 versus corresponding value in vehicle-infused 

and STZ-treated mice. 

 (C) Tissue weights of soleus, EDL, gastrocnemius, Epi and Ing WAT and BAT 2 weeks after 

implantation of pump and STZ injection. *p<0.05 versus vehicle-infused and vehicle-treated 

(without STZ injection) mice. †p<0.05 versus vehicle-infused and STZ-treated mice. #p<0.05 versus 

IL-6 antibody-infused and STZ-treated mice.  

All quantitative data are mean ± SEM (n=4). Error bar represents the SEM. 
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Figure 11. Vicious cycle in organ networks causes metabolic abnormalities in STZ-induced IDDM. 

STZ-induced IDDM activates AMPK in skeletal muscles, induces muscle atrophy, and increases 

plasma levels of IL-6 and irisin. IL-6 and/or irisin simulate UCP1 expression and lipolysis in adipose 

tissue, which cause atrophy of adipose tissue and decrease of plasma leptin level. Decreased plasma 

leptin level suppresses glucose and lipid utilization in skeletal muscle, and further induces muscle 

atrophy. Decreased plasma level of leptin as well as insulin also increases glucose production in the 

liver. Inhibition of AMPK activity in skeletal muscle improves metabolic abnormalities and tissue 

and body weight loss in IDDM, reducing plasma levels of IL-6 and irisn, and increasing plasma 

levels leptin and adiponectin. Chronic infusion of leptin or neutral antibody of IL-6 improves 

metabolic abnormalities and tissue weight loss in IDDM, similar to those in muscle-specific DN-

AMPK expressing mice.  
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Table 1. List of kits for measurement of blood metabolites and hormones 

 

Plasma Product name Catalog No. Company 

Glucose Glucose CII-test 439-90901 Wako, Osaka, Japan 

Free fatty acids NEFA C-test  279-75401 Wako, Osaka, Japan 

Triglyceride Triglyceride E-test 432-40201 Wako, Osaka, Japan 

Ketone bodies Whole ketone bodies kit 
AK-5601, 

AK-5602 
Kinos, Tokyo, Japan 

Insulin 
Mouse Insulin ELISA KIT       

(U-type) 
AKRIN-031 Shibayagi, Gunma, Japan 

Glucagon Glucagon EIA YK090 
Yanaihara Institute Inc., 

Shizuoka, Japan 

Corticosterone Corticosterone EIA YK240 
Yanaihara Institute Inc., 

Shizuoka, Japan 

IL-6 Mouse IL-6 Assay Kit 27768 
Immuno-Biological laboratories, 

Gunma, Japan 

Irisin 
Irisin/FNDC5 (16-127), 

Human/Mouse/Rat, ELISA kit 
EK-067-16 

Phoenix Pharmaceuticals, Inc., 

Burlingame, CA  

Leptin mouse leptin ELISA kit EZML-82K  Milipore, Missouri, USA 

Adiponectin 

Mouse/Rat High Molecular 

Weight Adiponectin ELISA 

KIT 

AKMAN-011 Shibayagi, Gunma, Japan 
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Table 2. List of antibodies 

 

Antibody name 

Catalog 

No. 

Company name Dilution 

phospho AMPKα (Thr172) 2531 Cell Signaling Technology 1 to 1000 

total AMPKα 2532 Cell Signaling Technology 1 to 1000 

alpha 1 Affinity-purified antibody made originally (45) 1 to 10000 

alpha 2 ab3760 Abcam 1 to 1000 

phospho AKT (Ser473) 9271 Cell Signaling Technology 1 to 1000 

total AKT 9272 Cell Signaling Technology 1 to 1000 

Acetylated-Lysine Antibody 9441 Cell Signaling Technology 1 to 1000 

PGC-1 (H-300) sc-13067 Santa Cruz Biotechnology 1 to 1000 

Phospho ULK1 (Ser555)  5869 Cell Signaling Technology 1 to 1000 

total ULK1 A7481 Sigma 1 to 1000 

LC3 2775 Cell Signaling Technology 1 to 1000 

 α-Tubulin  2144 Cell Signaling Technology 1 to 1000 

 Phospho TSC2 (Ser1387) 5584 Cell Signaling Technology 1 to 1000 

Total TSC2  3612 Cell Signaling Technology 1 to 1000 

Phospho mTOR (Ser2448)  2971 Cell Signaling Technology 1 to 1000 

Total mTOR 2972 Cell Signaling Technology 1 to 1000 

Phospho S6K (Thr389) 9205 Cell Signaling Technology 1 to 1000 

Total S6K 9202 Cell Signaling Technology 1 to 1000 

FNDC5 ab93373 Abcam 1 to 50 

IL-6 ab6672 Abcam 1 to 1000 

Cell Signaling Technology, Danvers, MA, USA 

Abcam, Boston MA, USA  

Santa Cruz Biotechnology, California, USA 

Sigma, Tokyo, Japan 
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Table 3. List of primers for quantitative real-time PCR 

Primer name Forward primer sequence Reverse primer sequence 

Nampt CCGCCACAGTATCTGTTCCTT AGTGGCCACAAATTCCAGAGA 

SIRT1 GGCCCTTGTAAACAACAAAATAC GGCAACAAGAGCTGACAGTAAAT 

PEPCK GGTGTTTACTGGGAAGGCATC CAATAATGGGGCACTGGCTG 

Acidic ribosomal 

protein 
AGATTCGGGATATGCTGTTGG AAAGCCTGGAAGAAGGAGGTC 

UCP1 GGCCCTTGTAAACAACAAAATAC GGCAACAAGAGCTGACAGTAAAT 

Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG 

FAS TTGCTGGCACTACAGAATGC AACAGCCTCAGAGCGACAAT 

LPL AGGGCTCTGCCTGAGTTGTA AGAAATTTCGAAGGCCTGGT 

36B4  GGCCCTGCACTCTCGCTTTC  TGCCAGGACGCGCTTGT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


