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Abstract

The signaling mechanisms mediating myocardial glucose transport are not fully understood. 

Sucrose non-fermenting AMPK-related kinase (SNARK) is an AMPK-related protein kinase that 

is expressed in the heart and has been implicated in contraction-stimulated glucose transport in 

mouse skeletal muscle. We first determined if SNARK is phosphorylated on Thr208, a site critical 

for SNARK activity. Mice were treated with exercise, ischemia, submaximal insulin, or maximal 

insulin. Treadmill exercise slightly, but significantly increased SNARK Thr208 phosphorylation. 

Ischemia also increased SNARK Thr208 phosphorylation, but there was no effect of submaximal 

or maximal insulin. HL1 cardiomyocytes were used to overexpress wild type SNARK and to 

knockdown endogenous SNARK. Overexpression of wild type SNARK had no effect on ischemia-

stimulated glucose transport; however, SNARK knockdown significantly decreased ischemia-

stimulated glucose transport. SNARK overexpression or knockdown did not alter insulin-

stimulated glucose transport or glycogen concentrations. To study SNARK function in vivo, 

SNARK heterozygous knockout mice (SNARK+/−) and wild type littermates performed treadmill 

exercise. Exercise-stimulated glucose transport was decreased by ~50% in hearts from SNARK+/− 

mice. In summary, exercise and ischemia increase SNARK Thr208 phosphorylation in the heart 

and SNARK regulates exercise- and ischemia-stimulated glucose transport. SNARK is a novel 

mediator of insulin-independent glucose transport in the heart.
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Introduction

Individuals with diabetes have a significant increased risk of developing cardiovascular 

disease [Bwititi and Nwose, 2014] which is the major cause of mortality associated with 

diabetes [Morrish et al., 2001]. The precise origin for increased cardiovascular risk in 

patients with diabetes is unknown; however, altered cardiac glucose metabolism is thought 

to play an important role. Individuals with diabetes have a decreased ability to increase 

glucose transport in response to ischemia, which may impair post-ischemic myocardial 

recovery [Dutka et al., 2006; Saunders et al., 2008]. Therefore, improving the ability of 

cardiomyocytes to take up and utilize glucose as fuel is an important strategy for the 

prevention and treatment of heart disease that is associated with insulin resistance and 

diabetes [Bertrand et al., 2008].

In recent years the AMP-activated protein kinase (AMPK) and its upstream kinase LKB1 

have been suggested to be components of a cellular signaling pathway that regulates glucose 

transport in the heart through an insulin-independent mechanism [Arad et al., 2007; Bravo-

Nuevo A MA, 2014; Huang et al., 2013; Ikeda et al., 2009; Jessen et al.; Sakamoto et al., 

2006; Xing et al., 2003]. Transgenic mice expressing an inactive AMPK catalytic subunit in 

the heart have an inability to augment glucose uptake during low-flow ischemia [Bravo-

Nuevo A MA, 2014; Xing et al., 2003] and these hearts develop left ventricular dysfunction 

manifested by an early and more rapid increase in left ventricular end-diastolic pressure 

[Xing et al., 2003]. While there is a clear cardiac phenotype in AMPK inactive transgenic 

mice, knockout of LKB1 in the heart results in an even more severe phenotype [Ikeda et al., 

2009; Jessen et al.; Sakamoto et al., 2006]. Knockout of heart LKB1 results in reduced heart 

rates [Ikeda et al., 2009], impaired cardiac function in response to ischemia [Ikeda et al., 

2009], increased ventricle diameter [Ikeda et al., 2009], and cardiac hypertrophy and 

dysfunction [Ikeda et al., 2009; Jessen et al.; Sakamoto et al., 2006]. In addition to 

functioning as an upstream kinase for AMPK, LKB1 has also been determined to be an 

upstream kinase for at least 12 AMPK-related kinases [Sun X, 2013]. Thus, given the more 

pronounced phenotype of the LKB1 KO mice, it is likely that one or more AMPK-related 

kinases could also be important in cardiac metabolism. However, there has been very limited 

investigation of the metabolic function of most of the AMPK-related kinases.

The sucrose non-fermenting AMPK-related kinase (SNARK/ RK activity in skeletal muscle 

[Koh et al.] and knockdown of SNARK by siRNA has no effect on bNUAK2) is the fourth 

identified member of the AMPK family of protein kinases [Sun X, 2013]. SNARK was 

initially described as a mediator of the cellular response to metabolic stress [Lefebvre et al., 

2001]. SNARK has 41% homology with AMPKα2 in the catalytic domain, and similar to 

AMPKα2, SNARK is phosphorylated by LKB1 at the characteristic T-loop phosphorylation 

site (Thr208) [Lizcano et al., 2004]. SNARK is activated by 5-aminoimidazole-4-

carboxamide ribonucleoside (AICAR) and cellular stressors in multiple cell lines [Hurov et 

al., 2007; Kuga et al., 2008; Lefebvre et al., 2001; Lefebvre and Rosen, 2005]. A recent 

study showed that SNARK regulates hepatitis C virus replication and pathogenesis through 

enhancement of TGF-β signaling[Goto K, 2013]. In skeletal muscle SNARK is critical for 

normal contraction-stimulated glucose uptake [Koh et al.]. Consistent with the concept that 

insulin- and contraction-stimulated glucose transport work through distinct mechanisms, 
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insulin does not increase SNAasal and insulin-stimulated glucose transport in human 

primary myotubes [Rune et al., 2009]. Whole body SNARK −/− mice have a high incidence 

of embryonic lethality, whereas SNARK +/− mice develop mature-onset obesity and 

metabolic disorders [Tsuchihara et al., 2008]. Taken together, these results suggest that 

SNARK might play an important role in glucose metabolism.

There have been no published studies to date investigating the regulation or function of 

SNARK in the heart. Here, we report that SNARK is highly expressed in the heart and HL1 

cardiomyocytes. Furthermore, our results demonstrate that SNARK is phosphorylated in 

response to ischemia and exercise and functions in the regulation of cardiac glucose 

transport.

Results

Exercise and ischemia increase SNARK Thr208 phosphorylation in mouse hearts.

To determine if SNARK was expressed in the heart, multiple muscle types, the kidney and 

liver, lysates were immunoblotted with an anti-SNARK antibody. We found that SNARK 

was expressed in all muscles studied including heart sample, tibialis anterior muscle, 

extensor digitorium longus, gastrocnemius, soleus, and HL1 cardiomyocytes (Fig.1). Next, 

SNARK phosphorylation on Thr208 was assessed, as the T-loop phosphorylation site of the 

AMPK family of protein kinases has been shown to be critical for enzyme activity [Davies 

et al., 1995; Hawley et al., 1996; Stein et al., 2000]. To determine if treadmill exercise 

increases SNARK Thr208 phosphorylation, mice were exercised on a rodent treadmill at a 

moderate intensity (0.6 mph, 12.5% grade) for 10, 30, and 60 min. SNARK Thr208 

phosphorylation was slightly, but significantly elevated at all three time points (Fig.2A). 

Global ischemia resulted in a marked increase in SNARK Thr208 phosphorylation (Fig. 2B). 

Consistent with previous reports, AMPK Thr172 phosphorylation was also increased by both 

exercise (Fig. 2C) and ischemia (Fig. 2D). In contrast, neither i.p. injection of 1 g glucose/kg 

bw, which resulted in a submaximal insulin concentration, nor maximal insulin (1 U/kg bw, 

i.p.) altered SNARK Thr208 phosphorylation (Fig. 3A,B), while Akt Ser473 phosphorylation 

was significantly increased by insulin (Fig. 3C,D). The stimulation of SNARK 

phosphorylation by stress stimuli, but not insulin, is consistent with the hypothesis that there 

are distinct molecular signaling mechanisms regulating the effects of exercise/ischemia and 

insulin on metabolism.

Overexpression of SNARK increases basal glucose transport in HL1 cardiomyocytes

To determine the effects of SNARK overexpression on glucose transport, empty vector (EV) 

and wild type (WT) SNARK were transfected into HL1 cardiomyocytes and studied in the 

basal state and in response to ischemia and insulin. Compared with EV, SNARK expression 

was increased by 2-fold in WT transfected cells (Fig. 4A). Overexpression of WT SNARK 

resulted in a significant increase in glucose transport under basal conditions, whereas there 

was no further effect on ischemia-stimulated glucose transport (Fig. 4B). Consistent with 

increased basal glucose transport, overexpression of WT SNARK markedly increased basal 

glycogen content (Fig. 4C). Ischemia significantly decreased glycogen concentrations in 

both EV and WT transfected cells.
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To determine if SNARK regulates insulin-stimulated glucose transport in cardiomyocytes, 

HL1 cells overexpressing SNARK were incubated with insulin (100 nM) for 20 min. Similar 

to the ischemia study, basal glucose transport was significantly increased with WT SNARK 

overexpression. Likely due to the elevated basal rates of glucose transport in the WT 

SNARK expressing cells, insulin did not further increase glucose transport. However, 

insulin-stimulated glucose transport was similar between EV and WT SNARK expressing 

cells (Fig. 4D). Consistent with these findings, insulin significantly increased glycogen 

concentrations in EV cells (Fig. 4E), whereas overexpression of WT SNARK increased 

basal glycogen, but had no additional effect on insulin-stimulated glycogen concentration 

(Fig. 4E).

In cardiomyocytes, GLUT1 and GLUT4 regulate basal and stimulated glucose transport 

[Segalen et al., 2008; Shuralyova et al., 2004], and signaling proteins that have been 

implicated in glucose transport in heart and/or skeletal muscle include AMPK, Akt, and the 

Rab-GAP protein AS160 [Kramer et al., 2006; Montessuit et al., 2008]. Since we found that 

overexpression of WT SNARK increased basal rates of glucose transport, we determined if 

overexpressing WT SNARK affected these signaling molecules, as well as the expression of 

GLUT1 and GLUT4. For the signaling studies, we measured AMPK phosphorylation on 

Thr172, the major LKB1 site, ACC phosphorylation on Ser79, the major AMPK site, and 

AS160 phosphorylation on Ser711, a site we have shown to be regulated by both AMPK and 

insulin [Treebak et al., 2010]. The basal levels of phosphorylation of AMPK Thr172, ACC 

Ser79, and AS160 Ser711 were not different between control and WT SNARK 

overexpressing cells. Ischemia significantly increased phosphorylation AMPK Thr172, ACC 

Ser79, and AS160 Ser711, and there was no difference between the EV control and WT 

overexpressing cells (Fig. S1D). Insulin similarly increased phosphorylation of Akt Ser473 

and Thr308, and AS160 Ser711 (Fig. S1E). There was no effect of overexpressing wild type 

SNARK on the expression of AS160, Hexokinase II, GLUT1 and GLUT4 (Fig. S1D, E). 

Therefore, changes in these signaling proteins and glucose transporter proteins are not the 

mechanism for increased basal rates of glucose transport in HL1 cells overexpressing 

SNARK.

Knockdown of SNARK impairs ischemia, but not insulin-stimulated glucose transport in 
HL1 cardiomyocytes

We next determined if knockdown of SNARK would alter glucose transport in 

cardiomyocytes. HL1 cardiomyocytes were infected with retrovirus containing shRNA for 

SNARK (shRNA) and cells infected with scrambled shRNA were used as controls (SC). 

SNARK protein expression was decreased by 50% in the shRNA group compared with the 

SC control cells (Fig. 5A). Ischemia increased glucose transport in control cells and this 

increase was significantly impaired with knockdown of SNARK (Fig. 5B). There were no 

differences in glycogen concentrations between control and shRNA cells (Fig. 5C). In 

contrast to ischemia, insulin-stimulated glucose transport was normal in shRNA cells (Fig. 

5D), consistent with previous data showing that SNARK did not affect insulin-stimulated 

glucose transport in skeletal muscle and C2C12 muscle cells [Koh et al.], as well as human 

primary myotubes [Rune et al., 2009]. There was also no effect of SNARK knockdown on 

insulin-stimulated glycogen concentrations (Fig. 5E). These data demonstrate that 

Sun et al. Page 4

J Cell Biochem. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



knockdown of SNARK specifically regulates ischemia-, but not insulin-stimulated glucose 

transport.

Consistent with glucose transport, ischemia-stimulated AS160 Ser711 phosphorylation was 

decreased (Fig. 6A), but insulin-stimulated AS160 Ser711 phosphorylation was not 

significantly changed in SNARK knockdown cells (Fig. 6B). Ischemia significantly 

increased AMPK Thr172 and ACC Ser79 phosphorylation in the HL1 cardiomyocytes, and 

there was no difference between the control and shRNA cells (Fig. 6C). Knockdown of 

SNARK with shRNA did not alter basal and insulin-stimulated Akt Ser473 and Thr308 

phosphorylation (Fig. 6D). SNARK knockdown had no effect on Hexokinase II, GLUT1 and 

GLUT4 protein expression, and short term ischemia and insulin stimulation also had no 

effect on the expression of these proteins. (Fig. 6C, D).

Exercise-stimulated glucose transport is impaired in SNARK heterozygotic knockout (+/−) 
mice

Because SNARK homozygotic knockout mice are embryonic lethal or develop severe 

abnormalities, we used SNARK heterozygotic knockout (+/−) mice [Tsuchihara et al., 2008] 

to study the effects of SNARK on exercise-stimulated glucose transport in the heart. Rates of 

glucose transport in hearts from the sedentary mice were similar between the two genotypes 

(Fig. 7A). In contrast, 30 min of exercise significantly increased glucose transport in the 

hearts of wild type mice, while this increase in glucose transport was completely blunted in 

SNARK (+/−) mice (Fig. 7A). This blunted glucose transport can not be explained by 

differences in heart weight (Fig. S1A) or the protein expression of GLUT1 and GLUT4 (Fig. 

S1B, C), the major glucose transporters expressed in the heart in vivo. In addition, consistent 

with our previous observations with muscle contraction [Koh et al.], exercise-stimulated 

glucose transport in gastrocnemius muscle was significantly impaired in SNARK (+/−) mice 

(Fig. 7B). Thus, similar to the studies of ischemia in HL1 cardiomyocytes, SNARK 

functions in the regulation of cardiac glucose transport in vivo.

Discussion

Despite the importance of cardiac glucose metabolism in the prevention and recovery from 

heart disease, there are still many questions regarding the mechanisms that regulate glucose 

uptake in the heart. SNARK has been shown to play an important role in the regulation of 

glucose uptake in skeletal muscle [Koh et al.], and some studies have suggested that SNARK 

may regulate whole body metabolic homeostasis [Bravo-Nuevo A MA, 2014; Tsuchihara et 

al., 2008]. Accordingly, the current study was designed to determine whether SNARK is part 

of the mechanism that regulates glucose transport in the heart. Our results show that SNARK 

is expressed in mouse hearts and HL1 cardiomyocytes, and that treadmill exercise and 

ischemia, stimuli that increase glucose transport in the heart, also increase SNARK 

phosphorylation at the Thr208 site that controls SNARK enzymatic activity. Moreover, using 

cells with knockdown of SNARK and SNARK (+/−) mice, we find that SNARK regulates 

ischemia- and exercise-stimulated glucose transport. In contrast to the experiments with 

exercise and ischemia, SNARK did not alter insulin-stimulated glucose transport. This is 

consistent with previous data demonstrating that there are distinct proximal signals leading 
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to glucose transport by insulin and exercise in skeletal muscle and heart [Goodyear et al., 

1995; Goodyear and Kahn, 1998; Hayashi et al., 1998; Lee et al., 1995; Lund et al., 1998; 

Yeh et al., 1995]. These data implicate SNARK as an important signaling protein for insulin-

independent glucose transport in the mouse heart.

Previous studies have indicated that skeletal muscle SNARK may function in the regulation 

of whole body metabolism [Bravo-Nuevo A MA, 2014; Tsuchihara et al., 2008]. Treatment 

with azoxymethane results in increased rate of colon carcinogenesis due to increased body 

weights, increased fat mass, hyperlipidemia and hyperglycemia associated with the loss of 

one allele of SNARK gene [Tsuchihara et al., 2008]. More recently, the role of SNARK in 

metabolism was investigated by a two month treatment of KK.Cg-AylJ mice (a model of 

type 2 diabetes) with the sorbitol derivative meglumine. Meglumine-treated mice had 

increased skeletal muscle SNARK expression, lower body weights and improved glucose 

tolerance, consistent with a beneficial metabolic effect of increased SNARK expression in 

skeletal muscle. However, it is not possible to determine if these metabolic effects were due 

to a decrease in food consumption since these data were not reported. In the current study 

we used 20-week old SNARK (+/−) mice, a time point where there were no differences in 

body weights, blood glucose concentrations and voluntary exercise capacity [Koh et al.]. 

Thus, whether alterations in SNARK expression in skeletal muscle and heart can affect 

systemic glucose metabolism is still under debate.

In the current study we found that treadmill exercise-stimulated glucose transport was 

completely ablated in the hearts of SNARK (+/−) mice, an effect that was not due to 

inability to complete the exercise protocol, changes in heart or body weights, or glucose 

transporter expression in the mouse hearts. While exercise-stimulated glucose transport was 

fully blunted in the hearts of SNARK (+/−) mice, interestingly, treadmill exercise-stimulated 

glucose transport was only partially blunted in the skeletal muscle of these same animals. 

Consistent with these findings, our previous study indicated that tetanic contraction-

stimulated glucose transport of isolated skeletal muscles of SNARK (+/−) mice was only 

partially inhibited. The full inhibition of glucose transport in the heart suggests that SNARK 

may play a more important role in the regulation of glucose transport in the heart compared 

to skeletal muscle, which is consistent with its greater level of expression in cardiac muscle 

(Fig. 1).

The mechanism by which SNARK regulates glucose transport in the heart is not known, but 

the current data suggest that this does not involve alterations in the expression of GLUT1 

and GLUT4, the major glucose transporter proteins expressed in the heart. This conclusion 

is based on our data showing that knockdown of SNARK in both cardiomycytes and 

SNARK (+/−) hearts, as well as overexpression of WT SNARK in cardiomyocytes, had no 

effect on total GLUT1 and GLUT4 expression. Using cardiomyoctes, we found that 

ischemia-stimulated glucose uptake was significantly impaired with SNARK knockdown, an 

effect that was associated with a decrease in AS160 Ser711 phosphorylation. AS160 is a 

Rab-GAP protein that is a critical regulator of glucose transport in skeletal muscle and fat 

[Huang et al., 2013; Li et al., 2013; Treebak et al., 2010]. Currently, the function of AS160 

in the heart and the specific function of the Ser711 phosphorylation site in skeletal muscle are 

still not known [Middelbeek et al., 2013]. Nevertheless, altered function of AS160 is a 
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potential mechanism for impaired glucose uptake with knockdown of SNARK, and the 

specific role of AS160 in SNARK-regulated glucose transport in the heart will be an 

important line of future investigation.

In summary, we provide the first direct evidence that SNARK plays a critical role in 

exercise- and ischemia-stimulated glucose metabolism in mouse heart. Determining the 

function of SNARK, a previously unexplored metabolic regulator in cardiac muscle, may 

lead to improved ways to prevent and treat cardiovascular disease.

Materials and Methods

Animals

Male ICR mice 8–12 weeks old (25–35 g) were purchased from Charles River Laboratories 

(Wilmington, MA). SNARK (+/−) mice have been previously described [Ichinoseki-Sekine 

et al., 2009]. All mice were housed with a 12h: 12h light: dark cycle and fed standard 

laboratory chow and water ad libitum. The mice were fasted 5 hours (8:00 to 13:00) prior to 

study. All animal studies were approved by the Institutional Animal Care and Use 

Committee of the Joslin Diabetes Center and were in accordance with NIH guidelines.

Male ICR mice were exercised on a treadmill for 0, 10, 30, or 60 min at 0.6 mph up a 12.5% 

grade. Immediately after exercise, mice were sacrificed and hearts were rapidly removed and 

quickly frozen in liquid nitrogen. Ischemia stimulation was achieved as described previously 

[Jessen et al.]. Briefly, animals were anaesthetized with an intraperitoneal injection of 

pentobarbital (90 mg/kg). Hearts were either freeze-clamped in situ at baseline (basal) or 3 

min after cervical dislocation. To study responses to submaximal and maximal insulin, mice 

were anaesthetized with pentobarbital as described above. Mice were injected i.p. with 

either: a 20% glucose solution (1.0 g /kg body weight) which results in a submaximal 

physiological insulin release [Kramer et al., 2006]; a maximal dose of insulin (1 U/kg body 

weight); or saline as control. Mice were studied 10 min following injection.

Measurement of Glucose Transport in Mouse Hearts in vivo

Glucose transport was measured in mouse hearts as described previously [Kramer et al., 

2006; Taylor et al., 2008]. Briefly, mice were fasted from 8:00 to 13:00 and performed 

treadmill exercise (0.6 mph, 12.5% grade) for 30 min or remained sedentary. Mice were 

immediately anesthetized with an i.p. injection of pentobarbital sodium (90 mg/kg) and then 

injected with a 5 ml/kg saline bolus containing 333 μCi/kg [3H]-2-deoxyglucose via the 

retro-orbital sinus. Basal blood samples were collected from the tail vein prior to retro-

orbital injection. Additional blood samples were collected from the tail vein at 5, 10, 15, and 

25 min post-injection to determine blood glucose concentrations and [3H]-2-deoxyglucose 

specific activity. After the final blood draw, the animals were euthanized and the heart and 

gastrocnemius were removed and frozen in liquid nitrogen. Glucose transport ([3H]-2-

deoxyglucose) was determined via a precipitation protocol as previously described [Ferre et 

al., 1985].
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Cell Culture

HL1 cardiomyocytes were generously donated by Dr. William Claycomb (Louisiana State 

University, New Orleans, LA). These cells are a cardiac muscle cell line derived from an 

AT-1 mouse atrial cardiomyocyte tumor line, which has phenotypic characteristics of the 

adult cardiomyocyte [Claycomb et al., 1998]. HL1 cells were maintained in Claycomb 

medium supplemented with 10% FBS, 0.1 mM Norepinephrine, 2 mM L-Glutamine and 100 

U/100μg/ml Penicillin/Streptomycin in a humidified atmosphere containing 5% CO2 at 

37℃. To overexpress SNARK in the HL1 cells, human SNARK cDNA was synthesized 

using the human SNARK sequence and then subcloned into the pcDNA3.1 vector 

(Invitrogen, USA). Twenty four hours after plating HL1 cells (1×105 cells/well) on 6-well 

plates, the cells were transfected with empty vector (EV) or wild type SNARK (WT) using 

lipofectamine (Invitrogen, USA) according to the manufacturer’s instructions. Following 

a16-hour incubation, transfection medium was replaced with supplemented Claycomb 

medium. For knockdown of SNARK, shRNA constructs against mouse musculus SNARK in 

pGFP-V-RS vector were used. Retroviruses containing shRNA for SNARK (shRNA) or 

scrambled control (SC) were infected in HL1 cardiomyocytes. Following a 16-hour 

incubation, the retroviruses were replaced with supplemented Claycomb medium.

Forty eight hours after overexpression or knockdown of SNARK, HL1 cells were stimulated 

with ischemia or insulin. Cells were starved for 3 hours before experiments. Ischemia was 

simulated using an acidic N2 gassed buffer (pH 6.2) containing (in mM): 118 NaCl, 24 

NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.2 MgCl2, 20 sodium lactate, 16 KCl and 10 2-

deoxyglucose [Das et al., 2006] and the cells were kept under nitrogen gas for 45 min. 

Insulin treatment was performed by incubation of cells with or without 100 nM insulin in 

Claycomb medium for 20 min. Glucose transport, glycogen concentrations, and protein 

expression were measured in these cells.

To measure glucose transport, cells were washed with buffer containing 140 mM NaCl, 

20mM HEPES-Na, pH 7.4, 5 mM KCl, 2.5 mM MgSO4, and 1.0 mM CaCl2, followed by 

the addition of [3H]-2-deoxyglucose for 5 min and then place on ice. Cells were washed 

with cold saline and harvested in 0.05 N NaOH to determine the net accumulation of [3H]-2-

deoxyglucose. Glycogen was measured as previously described [Jessen et al.]. HL1 cells 

were hydrolyzed in 2 N HCl at 95 ℃ for 2 hours and then neutralized with 2 N NaOH. 

Glucose content was measured by a hexokinase method using a glucose HK reagent (Eagle 

Diagnostics, Desoto, Texas, USA).

Western Blot Analysis

Whole hearts were homogenized as previously described [Xing et al., 2003]. Briefly, the 

frozen hearts were homogenized with a Polytron (Brinkman Instruments) in lysis buffer, 

lysates were centrifuged at 13,000 × g for 10 min, supernatants were collected, and the 

protein concentrations were determined by the Bradford assay. The lysates were separated 

by SDS-PAGE, immunoblotted with primary and secondary antibodies, and immunoblots 

were developed using ECL reagents (PerkinElmer, USA). The protein bands were scanned 

by ImageScanner (Amersham Biosciences) and quantitated by densitometry (Fluorchem, 

2.0; Alpha Innotech, San Leandro, CA). Antibodies purchased from commercial sources 
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included: p-ACC-Ser79 and AMPK α2 from Upstate; p-AMPK-Thr172, p-Akt-Thr308, p-

Akt-Ser473, Phospho (Ser/Thr) Akt substrate (PAS) from Cell Signaling Technology; AS160 

from Millipore; Hexokinase II and anti-α-Tubulin from Santa Cruz Biotechnology; and 

GLUT1 and GLUT4 from Chemicon International. Anti-SNARK and phospho-SNARK-

Thr208, and p-AS160-Ser711antibodies were generated by Cell Signaling Technology. 

Horseradish peroxidase-conjugated anti-rabbit and anti-goat antibodies (Amersham 

Biosciences) were used to bind and detect all primary antibodies.

Statistical Analysis

Data were expressed as the means ± SEM. Means were compared by Student’s t-test, one-

way analysis of variance (ANOVA), or two-way ANOVA. P values < 0.05 were considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. 
SNARK expression in different mouse tissues and HL1 cardiomyocytes. Relative SNARK 

protein expression in various mouse tissues (Kid, kidney; TA, tibialis anterior muscle; EDL, 

extensor digitorium longus; Gas, gastrocnemius; Sol, soleus;) and HL1 cardiomyocytes. 

Data are means ± SEM, n=4.
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Fig.2. 
SNARK Thr208 phosphorylation was increased by treadmill exercise and ischemia in mouse 

heart. (A) Mice performed treadmill exercise (10 min, 30 min, and 60 min, at 0.6mph, 

12.5% grade). SNARK Thr208 phosphorylation was measured by Western blot. (B) Mice 

were stimulated with global ischemia. SNARK phosphorylation at Thr208 site was 

determined by Western blot. (C) Mice performed treadmill exercise (10 min, 30 min, and 60 

min, at 0.6mph, 12.5% grade). APMK Thr 172 phosphorylation was measured by Western 

blot. (D) Mice were stimulated with global ischemia. APMK Thr 172 phosphorylation was 

determined by Western blot. Data are means ± SEM, n = 6/group. *P < 0.05 and **P< 0.01 

vs. corresponding control or basal.
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Fig.3. 
SNARK Thr208 phosphorylation was not altered by submaximal or maximal insulin in 

mouse heart. (A) Mice were treated with submaximal insulin (induced by i.p. injection of 1 

g glucose/kg bw) or saline. SNARK phosphorylation was determined by Western blot. (B) 

Mice were injected with maximal insulin (1 U/kg bw, i.p.). SNARK phosphorylation was 

measured by Western blot. (C) Mice were treated with submaximal insulin (induced by i.p. 

injection of 1 g glucose/kg bw) or saline. Akt phosphorylation was determined by Western 

blot. (D) Mice were injected with maximal insulin (1 U/kg bw, i.p.), Akt phosphorylation 

was measured by Western blot. Data are means ± SEM, n = 6/group. *P < 0.05 vs. 

corresponding saline.
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Fig.4. 
Effects of SNARK overexpression on glucose transport and glycogen concentrations in 

response to ischemia and insulin. (A) 48 hours after transfection, cells were harvested and 

lysates were resolved by SDS/PAGE and immunoblotted with anti-SNARK (B and C). The 

overexpressed cells were stimulated simulated with simulated ischemia by acidic N2 gassed 

buffer for 45 min. Then glucose uptake (B) and glycogen concentrations (C) were assessed. 

(D and E) The overexpressed cells were treated with 100nM insulin for 20 min. Then the 

cells were harvested to assess glucose uptake (D) and glycogen concentrations (E). Data are 

means ± SEM, n = 4. *P < 0.05 vs. corresponding control or basal; #P<0.05 vs. EV of the 

basal state.
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Fig.5. 
Effects of SNARK inhibition on glucose transport and glycogen concentrations in response 

to ischemia and insulin. Retroviruses containing scrambled shRNA (SC) and shRNA for 

SNARK (shRNA) were infected in HL1 cells. (A) SNARK expression was determined by 

immunoblot analysis (B and C). The overexpressed cells were stimulated with simulated 

ischemia by acidic N2 gassed buffer for 45 min. Glucose transport (B) and glycogen 

concentrations (C) were determined by 2-DG glucose transport measurement and Western 

blot analysis, respectively (D and E). Cells were treated with insulin (100nM) for 20 min. 

Glucose transport (D) and glycogen concentrations (E) were measured. Data are means ± 

SEM, n = 5–7. *P < 0.05 vs. corresponding control or basal; #P<0.05 vs. SC of the ischemia 

state.
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Fig.6. 
Effects of SNARK inhibition on related protein expression in response to ischemia and 

insulin. Retroviruses containing scrambled shRNA (SC) and shRNA for SNARK (shRNA) 

were infected in HL1 cells. 48 hours later, the infected cells were stimulated with simulated 

ischemia by acidic N2 gassed buffer for 45 min or treated with 100nM insulin for 20 min. 

(A)Ischemia-stimulated AS160 and AS160 S711 phosphorylation were determined by 

western blot. (B) Insulin-stimulated AS160 and AS160 S711 phosphorylation were measured 

by Western blot. (C) Ischemia-stimulated AMPK phosphorylation, phosphor-ACC, 

hexokinase II, GLUT1 and GLUT4 were determined by Western blot. (D) Insulin-stimulated 

phosphor-Akt (S473 and Thr308), hexokinase II, GLUT1 and GLUT4 were measured by 

Western blot. Data are means ± SEM, n = 5–7.
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Fig.7. 
Exercise-stimulated glucose transport was impaired in SNARK (+/−) mouse heart. SNARK 

(+/−) mice and control littermates performed 30 min treadmill exercise (0.6 mph, 12.5% 

grade). Hearts (A) and Gastrocnemius (B) were dissected and glucose transport was 

measured. Data are means ± SEM, n = 5–7. *P < 0.05 vs. corresponding sedentary control; 
#P<0.05 vs. WT of the exercise state.
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