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Abstract 

 Insulin resistance of the mammalian skeletal muscle glucose transport system, one cause 

of which is oxidative stress, leads to the development of type 2 diabetes. While the direct 

contributions to insulin resistance of certain stress-activated serine kinases have been described 

previously, the specific contribution of c-Jun N-terminal kinase (JNK) is not fully understood. 

Therefore, we assessed the role of JNK in insulin resistance caused by in vitro exposure to the 

oxidant hydrogen peroxide (H2O2).  Soleus muscles from lean Zucker rats were incubated in low 

levels (~30 µM) of H2O2 in the absence or presence of insulin for up to 6 hr. Decreases in 

insulin-stimulated glucose transport activity (ISGTA) were observed at all time points and were 

associated with similar diminutions in insulin stimulation of Akt Ser
467

 phosphorylation. 

Phosphorylation (Thr
183

/Tyr
185

) of JNK isoforms (JNK1 and JNK2/3) was increased by H2O2 in 

the absence and presence of insulin at all time points. To determine the specific contribution of 

JNK to oxidant-induced insulin resistance, the JNK inhibitor SP600125 was used.  ISGTA in the 

presence of H2O2 was improved when the inhibitor was added during the 6-hr incubation. These 

results indicate that JNK contributes to oxidative stress-induced insulin resistance in mammalian 

skeletal muscle. 
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Introduction 

Diabetes is a disease characterized by chronically elevated fasting glucose levels (>126 

mg/dl) in the blood, caused either by a complete lack of insulin production (type 1) or by 

impaired responsiveness of body tissues to insulin (type 2), the latter of which is referred to as 

insulin resistance
2, 21

.  The prevalence of diabetes in the United States has increased dramatically 

over the last decade, and currently it is estimated that over 25 million people suffer from this 

disease, of which about 6 million are undiagnosed
23, 24

. 

One of the main tissues in the body in which insulin resistance occurs is skeletal muscle, 

affecting mainly the glucose transport system
1, 7-9

.
 
Mammalian skeletal muscle comprises a large 

portion (~40%) of total body mass, and is the primary site for glucose storage
10

.  Consequently, 

insulin resistance of the mammalian skeletal muscle glucose transport system is a primary defect 

leading to the development of type 2 diabetes
1, 7-9, 11

.
 
While the etiology of insulin resistance in 

skeletal muscle is multifactorial, the intracellular mechanisms underlying insulin resistance all 

seem to affect, to one degree or another, the translocation of GLUT-4-containing vesicles to the 

plasma membrane by impairing the functionality or protein expression of the insulin signaling 

pathway
1, 7-9

.  

The insulin signaling pathway begins when insulin binds to the extracellular alpha 

subunits of its receptor
4, 22

. This causes a conformational change in the receptor that allows the 

intracellular beta subunits to autophosphorylate each other on tyrosine residues. These active 

subunits of the insulin receptor then phosphorylate tyrosine residues on proteins called insulin 

receptor substrates (IRS). IRS proteins are mostly docking proteins meaning that they serve as 

docking stations or regulatory stations for other proteins
4, 22

. One protein that IRS interacts with 

is called Phosphoinositide-3 Kinase (PI3-K), a lipid kinase that phosphorylates 

phosphoinositides to make 3’-phosphoinositide (PIP3). Once this lipid is present, it interacts with 

a protein called 3-phosphoinositide-dependent kinase-1 (PDK-1). PDK proteins are important 

because they can go on to activate or deactivate many other proteins in the cell to stimulate 

activities such as glycogen synthesis, gene transcription and protein synthesis, or glucose 

transport
4, 22, 25

. One such protein is called protein kinase B (PKB) or more commonly, Akt. 

Akt’s main role is in facilitating GLUT-4 containing vesicles to the plasma membrane for 

glucose transport
4, 22, 25

.  Akt also has many other important roles within the cell such as the 

deactivation of glycogen synthase kinase-3 (GSK-3). This deactivation leads to the activation of 

glycogen synthase and ultimately, glycogen synthesis, one of the main effects of insulin action
4, 

19, 22
. Akt also stimulates mTOR-mediated activation of protein synthesis

4, 22
. 

One other factor known to cause insulin resistance in skeletal muscle is oxidative stress, 

the overproduction of reactive oxygen species (ROS), such as hydrogen peroxide
6, 13, 17, 26

.
 
ROS 

are created in normally functioning cells by the mitochondria or by NADPH oxidase, but 

normally the cell has sufficient compensatory mechanisms, such as superoxide dismutases 

(SOD’s) and peroxidases, to maintain them at low levels
6, 17, 26

.
 
When these antioxidant 

mechanisms begin to falter, ROS levels increase and oxidative stress occurs.
 
Excess ROS can 

lead to various cellular dysfunctions, including insulin resistance
13

.  
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Oxidative stress can activate certain serine kinases, known as stress-activated serine 

kinases, such as GSK-3 and p38 mitogen-activated protein kinase (p38 MAPK)
12, 19

 . Another 

protein called c-Jun N-terminal kinase (JNK) has been shown previously to be associated with 

oxidative-stress induced insulin resistance
20, 27

 but its direct contribution to insulin resistance in 

normal mammalian skeletal muscle has not been studied. These kinases can then phosphorylate 

various substrates, ultimately interfering with or deactivating critical insulin signaling elements, 

such as IRS-1 and Akt
6, 12, 13, 17, 19, 26

. 

While the direct effects of GSK-3 and p38 MAPK in the etiology of insulin resistance in 

skeletal muscle have been previously demonstrated
12, 19

,
 
the direct effects of JNK on the 

development of oxidative stress-induced insulin resistance in mammalian skeletal muscle is not 

fully understood.   This study therefore aims to assess the specific impact of JNK in the 

development of insulin resistance caused by in vitro exposure of mammalian skeletal muscle to a 

known oxidant, hydrogen peroxide.  Isolated soleus strips from lean Zucker rats with normal 

insulin sensitivity will be used as the model of mammalian skeletal muscle.  The effect of in vitro 

hydrogen peroxide on basal and insulin-stimulated glucose transport and Akt functionality will 

be performed to assess the degree of insulin resistance induced by this oxidant. Moreover, the 

impact of this oxidant stress on the activation of JNK, as measured by the levels of JNK 

phosphorylation, will be determined. Finally, a selective JNK inhibitor, SP600125, will be used 

to assess the specific role of JNK in the development of insulin resistance in mammalian skeletal 

muscle.  

 

Methods 

 Animals. All procedures used were approved by the Institutional Animal Care and Use 

Committee at the University of Arizona. Female lean Zucker rats (Harlan, Indianapolis, IN) were 

used at 6–8 weeks of age (body weights of 130-150 g). Animals were housed in a temperature-

controlled (20–22 °C) room with a 12:12-h light–dark cycle, and the animals had free access to 

chow (Teklad 7001, Madison, WI) and water. At 5 PM the evening before each experiment, 

animals were restricted to 4 g of chow, which was consumed immediately. Experiments began 

between 8 and 9 AM the next morning. 

 Muscle incubations and exposure to H2O2 and SP600125. Animals were deeply 

anesthetized with pentobarbital sodium (50 mg/kg), and strips of soleus muscle (∼25–35 mg) 

were prepared for in vitro incubation in the unmounted state. Muscles were initially incubated 

for 2–6 h at 37 °C in oxygenated (95% O2/5% CO2) Krebs–Henseleit buffer (KHB) containing 8 

mM glucose, 32 mM mannitol, and 0.1% bovine serum albumin (Sigma Chemical, St. Louis, 

MO), with or without 5 mU/ml insulin (Humulin, Eli Lilly, Indianapolis, IN) and/or 50 

mU/ml glucose oxidase (MP Biomedicals, Solon, OH). The incubation medium was changed 

after every hr of treatment. The H2O2 level in the medium was measured 

spectrophotometrically
12

 and reached 30–40 µM. In a second set of experiments, muscle strips 

were incubated for 6 hr in the presence or absence of insulin with or without glucose oxidase 

and/or the JNK inhibitor SP600125 (10 µM; EMD Chemicals, Gibbtown, NJ).  
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 Assessment of glucose transport activity. Glucose transport activity was assessed by 

determination of the intracellular accumulation of 2-deoxyglucose (2-DG, 1 mM) as described 

previously
18

. Briefly, after the initial incubation period, the muscles were rinsed for 10 min at 37 

°C in 3 ml of oxygenated KHB containing 40 mM mannitol, 0.1% BSA, 

and insulin, glucose oxidase, and/or SP600125, if present previously. Following the rinse 

period, muscles were transferred to 2 ml of KHB containing 1 mM 2-deoxy-[1,2-
3
H]glucose (0.3 

mCi/mmol; Sigma Chemical), 39 mM [U-
14

C] mannitol (0.8 mCi/mmol; ICN Radiochemicals, 

Irvine, CA), 0.1% BSA, and insulin, glucose oxidase, and/or SP600125, if previously present, 

and incubated for 20 min at 37 °C. At the end of this final incubation period, muscles were 

removed and quickly frozen in liquid nitrogen, weighed, and placed in 0.5 ml of 0.5 mM NaOH. 

After the muscles were completely solubilized, 5 ml of scintillation cocktail were added, and the 

specific intracellular accumulation of 2-[
3
H]DG was determined as described previously

18
 . 

 Determination of signaling protein expression and functionality. In some 

experiments, muscles were frozen after the initial incubation period, weighed, and stored at 

−80°C until analysis. Muscles were homogenized in eight volumes of ice-cold lysis buffer (50 

mM HEPES, 150 mM NaCl, 20 mM Na pyrophosphate, 20 mM β-glycerophosphate, 10 

mM NaF, 2 mM Na3VO4, 2 mM EDTA, 1%Triton X-100, 10% glycerol, 1 mM MgCl2, 1 mM 

CaCl2, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 0.5 µg/ml pepstatin, and 2 mM PMSF). 

Homogenates were incubated on ice for 20 min and then centrifuged at 13,000g for 20 min at 

4°C. Total protein concentration was determined using the BCA method (Pierce, Rockford, IL). 

Samples containing equal amounts of total protein were separated by SDS–PAGE on 10% or 

12% polyacrylamide gels and transferred to nitrocellulose. Membranes were incubated overnight 

with antibodies against phosphorylated Akt Ser
473

 (Cell Signaling Technology, Danvers, MA), 

for 72 hr with antibodies against phosphorylated JNK Thr
183

/Tyr
185

 (Cell Signaling Technology, 

Danvers, MA), or overnight with antibodies against total Akt (Cell Signaling) or total JNK (Cell 

Signaling). The membranes were then incubated with secondary goat anti-rabbit antibody 

conjugated with horseradish peroxidase (HRP) (Chemicon, Temecula, CA) or anti-mouse 

antibody conjugated with HRP (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were 

visualized using a Bio-Rad Chemidoc XRS instrument (Bio-Rad Laboratories, Hercules, CA) 

using the SuperSignal West Femto Maximum Sensitivity Western blot detection substrate 

(Pierce). Band density was quantified using the Bio-Rad Quantity One software. 

 Statistical analysis. All values are expressed as means ± SEM for 4-5 muscles/group. 

Differences between the treatment groups versus the basal groups for the glucose transport 

activity were determined by one-way ANOVA with a post hoc Dunnett test. For the insulin 

signaling, paired Student’s t-tests were used to determine statistically significant differences 

between groups. A value of p<0.05 was considered to be statistically significant. 
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Figure 1: Effect of H2O2 on glucose transport activity in the absence or presence of insulin in 

lean rat soleus muscle. *p<0.05 vs. no H2O2;**p<0.05 vs. insulin without H2O2 

Results 

 Effects of low-level oxidant stress on glucose transport activity. The soleus muscles were 

incubated in 30–40 µM H2O2 in the absence or presence of insulin for 2, 4, or 6 hours. In the 

absence of insulin, the H2O2 significantly increased (p<0.05) basal glucose transport levels at 2 

and 4 hr, but not at 6 hr. However, decreases in insulin-stimulated glucose transport occurred at 2 

hr (23%), 4 hr (25%) and 6 hr (42%) (all p<0.05) (Fig. 1). 

 Effect of low-level oxidant stress on insulin signaling. The H2O2 had no effect on the 

basal phosphorylation of Akt Ser
473

 at any time point, but it did have an effect on insulin-

stimulated phosphorylation of Akt Ser
473

. Activation was inhibited by 37, 57, and 67% (p<0.05) 

by the H2O2 at 2, 4, and 6 hr, respectively (Fig. 2).  

 Effect of oxidant stress on engagement of JNK. The responses to the oxidant intervention 

for phosphorylation of JNK are shown in Fig. 3. For the final analysis, data from the JNK1 and 

JNK2/3 isoforms were pooled. At 2 and 4 hr, there was a significant (46% and 86% respectively, 

both p<0.05) overall increase in JNK phosphorylation in the presence of H2O2 under basal 

conditions. This effect, however, had disappeared by 6 hr. At all time points, there was a 

significant increase in JNK phosphorylation by H2O2 in the presence of insulin: 35% at 2 hr, 

74% at 4 hr, and 55% at 6 hr (all p<0.05). Insulin alone had no effect on this parameter at any 

time point.  
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Figure 2: Effect of H2O2 on basal and insulin-stimulated Akt Ser
473

 phosphorylation at 2, 4, and 6 

hours in lean rat soleus muscle. *p<0.05 vs. insulin without H2O2 

Figure 3: Effects of H2O2 on JNK 2/3 and JNK 1 isoform Thr
183

 & Tyr
185

 phosphorylation in the 

absence or presence of insulin at 2, 4, and 6 hours in lean rat soleus muscle. *p<0.05 vs. no H2O2; 

**p<0.05 vs. insulin without H2O2 

 Role of JNK in oxidant-stress-induced insulin resistance: To determine if the activation 

of JNK contributes to this H2O2-induced insulin resistance, the selective JNK inhibitor, 

SP600125 (10 µM), was utilized in 6-hr incubations. The 6-hr incubation was used because it 

was at this time point that the increase in basal glucose transport activity caused by H2O2 had 

disappeared (Fig. 1). SP600125 significantly decreased (p<0.05) basal glucose transport activity 

(Fig. 4). In muscles that were incubated with insulin, H2O2, and SP600125 in combination, 
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Figure 4: Effects of JNK inhibitor SP600125 on H2O2-induced inhibition of insulin-stimulated 

glucose transport activity at 6 hours in lean rat soleus muscle. The red bar indicates the theoretic value 

due to the additive effects of SP600125 and H2O2 on insulin-stimulated 2DGU. *p<0.05 vs. Basal 

the glucose transport activity measured experimentally (332 ± 15 pmol/mg muscle/20 min) was 

considerably greater than the theoretical value (235 pmol/mg muscle/20 min) calculated by 

accounting for the decreases in insulin-stimulated glucose transport activity due to H2O2 or 

SP600125 individually. This theoretical additive value assumes that H2O2 and SP600125 

impaired insulin-stimulated glucose transport activity through separate pathways and that JNK  

did not have a direct effect on oxidative-stress induced insulin resistance, and was calculated as 

the rate of insulin-stimulated glucose transport activity (440 ± 12 pmol/mg muscle/20 min) 

minus the individual decreases due to H2O2 (137 pmol/mg muscle/20 min) and SP600125 (26 

pmol/mg muscle/20 min). The difference between basal glucose transport and the effects of the 

inhibitor alone (42 pmol/mg muscle/20 min) were also taken into account. Since the actual 

experimental value is greater than this theoretical additive value, these data are consistent with 

the interpretation that JNK mediates, at least in part, the effects of the oxidant stress on insulin-

stimulated glucose transport activity in skeletal muscle. 

 

Discussion 

 The purpose of the present study was to assess, for the first time, the direct role of the 

stress-activated serine kinase JNK in the development of insulin resistance in mammalian 

skeletal muscle in response to an in vitro oxidant stress. The results of this study show that JNK 

activation is necessary, at least in part, for the ability of low levels of the oxidant H2O2 to induce 

insulin resistance of glucose transport activity in isolated rat skeletal muscle preparations (Fig. 

4). 
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 Previous studies have shown that JNK activation is associated with oxidative stress-

induced insulin resistance
20, 27

. We have demonstrated this relationship in isolated mammalian 

skeletal muscle (Fig. 3), with direct exposure of this tissue to the oxidant H2O2 causing an 

increase in JNK phosphorylation and therefore activation. Indeed, all three JNK isoforms present 

in skeletal muscle (JNK1, JNK2, and JNK3) were engaged by this low-level oxidant stress (Fig. 

3).  Our findings are consistent with those from a previous study using the L6 myotube cell line, 

in which JNK activation was increased as much as 8-fold in the presence of high concentrations 

of H2O2
5
.  Moreover, the selective inhibition of JNK using the compound SP600125 in the 

presence of both insulin and H2O2 resulted in a greater than expected rate of glucose transport 

activity (Fig. 4).  These latter results conclusively show that JNK does play an important and 

direct role in oxidative-stress induced insulin resistance in mammalian skeletal muscle. 

 It is important to note that JNK is not the only serine kinase that is activated by oxidative 

stress or that can have an effect on insulin resistance in mammalian skeletal muscle. The 

activation of other serine kinases, such as GSK-3
15, 19

 and p38 MAPK
3, 5, 12

, by oxidative stress is 

also mechanistically connected with the development of insulin resistance of glucose transport 

activity. Interestingly, none of these serine kinases individually can account for more than 25-

30% of the insulin resistance caused by H2O2
3, 12, 15, 16, 19

. It is possible that oxidative stress 

induces insulin resistance in mammalian skeletal muscle by simultaneously engaging all of these 

pathways, and maybe others that have not been extensively studied in this context, such as p70S6 

kinase and IKK-β.  Previous studies that have shown the direct roles of these serine kinases
12, 15, 

16
 by using selective inhibitors, including the present study (Fig. 4), suggest that using multiple 

serine kinase inhibitors in combination could potentially normalize insulin action under 

conditions of oxidative stress; this approach should be evaluated in a future investigation. 

 While the kinase inhibitor used in this study, SP600125, as well as other kinase inhibitors 

used in previous studies
3, 12, 15, 16

, have been shown to have benefits, care should be taken before 

fully accepting their usefulness. Whereas the benefits seem obvious for skeletal muscle, it is very 

possible that these inhibitors, when administered systemically
14

, will act on many other tissues 

and cells in the experimental subject. It is possible that these same serine kinases that contribute 

to oxidative stress-induced insulin resistance in skeletal muscle could have a normal regulatory 

function in other cells. Inhibiting this regulatory function could be detrimental overall and the 

costs might outweigh the benefits. The use of inhibitors should be carefully studied before 

approving their use as a treatment for any disease state. 

 In conclusion, insulin resistance is the primary defect that ultimately leads to overt type 2 

diabetes. Its causes are many, but oxidative stress has been shown to be one important condition 

associated with impaired insulin action in mammalian skeletal muscle. The present study 

provides direct evidence that oxidative stress induces insulin resistance in mammalian skeletal 

muscle, at least in part, by engaging the serine kinase JNK.  These findings contribute to the 

body of knowledge that will hopefully allow us to come to a deeper understanding of the roots 

and mechanisms of insulin resistance, in order to treat this deleterious metabolic condition that 

continues to negatively impact the lives of millions of people around the world. 
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