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Abstract: 

Skeletal muscle glucose transport is essential for maintaining whole body glucose homeostasis and 

skeletal muscle accounts for the majority of glucose disposal in response to insulin. Glucose 

transport into skeletal muscle can be induced by several stimuli, such as insulin and muscle 

contraction, which both have been shown to activate group I p21-activated kinases (PAKs).  

Skeletal muscle expresses two group I PAK isoforms but the role of these in muscle glucose uptake 

has not been determined. Recent evidence suggests that p21-activated kinase (PAK) 1 may play a 

role in insulin-stimulated GLUT4 translocation and that PAK1/2 signaling is markedly impaired in 

insulin resistant skeletal muscle. Thus, the current study aimed to test the hypothesis that PAKs are 

important regulators of glucose homeostasis and skeletal muscle glucose uptake. 

To elucidate the role for group I PAKs in skeletal muscle glucose uptake, we determined glucose 

uptake in mature skeletal muscle incubated with a pharmacological inhibitor of group I PAKs, IPA-

3, or in mice with knockout (KO) of either PAK1, PAK2, or joint KO of both PAK1 and PAK2 

(d1/2KO). In contrast to our hypothesis, we found that lack of PAK1 did not affect glucose uptake 

in response to insulin or contraction. Lack of PAK2 protein only mildly reduced insulin-stimulated 

glucose transport in EDL muscle. We conclude that PAK1/2 proteins are not major regulators of 

skeletal muscle glucose uptake but that PAK2 may play a minor role. 
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Introduction 

Skeletal muscle is a major glucose sink for disposal and storage of excessive glucose from the blood 

and is therefore essential in maintaining whole body glucose homeostasis. Skeletal muscle obtains 

this function by increasing glucose uptake in response to insulin during conditions of high blood 

glucose. Understanding the mechanisms regulating glucose uptake by skeletal muscle is important 

because muscle accounts for most insulin-mediated glucose disposal (1) and is relevant in the 

pathophysiology of insulin resistance and type 2 diabetes mellitus (1,2).  

Insulin facilitates glucose transport in skeletal muscle by activation of a signaling cascade that lead 

to the translocation of glucose transporter GLUT4 containing vesicles to the sarcolemma and 

transverse tubuli (3). This signaling cascade includes activation of phosphoinositide 3-kinase 

(PI3K) and Akt that regulate GLUT4 translocation via phosphorylation of TBC1D4 and Rab 

proteins (4,5). Another important, although not as well described regulator of GLUT4 translocation 

in muscle cells is Rac1 (6–8). We and others have shown that glucose transport in response to 

insulin, contraction and passive stretching partially rely on Rac1 (9–12) but the downstream 

mechanisms remain unknown.  

The kinase, PAK1 was discovered as a binding partner and target of Rac in the rat brain in 1994 

(13). PAK1 together with two other kinases, PAK2 and PAK3, constitute the group I PAKs. Group 

I PAKs have been extensively studied as part of numerous signaling networks that regulate essential 

cellular activities, including cell proliferation, differentiation, apoptosis, and cytoskeleton dynamics 

(14,15). In skeletal muscle only PAK1 and PAK2 are expressed (16).  

In 1996 in L6 myotubes, PAK1 was found to be phosphorylated in response to insulin stimulation 

downstream of PI3K (17). Interestingly, treating cultured muscle cells with glucose oxidase, which 
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mimics insulin resistance in vitro, led to inhibition of the upstream target of PAK1/2, Rac1 (7), and 

even though Rac1-GTP binding was not impaired in palmitate treated insulin resistant L6 

myotubes, insulin-stimulated PAK1/2 phosphorylation of threonine 423/402 was diminished (18). 

Furthermore, insulin-induced pPAK1/2 T423/402 phosphorylation was 50% reduced in muscle 

from subjects with obesity and type 2 diabetes (9). A pharmacological inhibitor of group I PAKs, 

IPA-3 abolished insulin-stimulated GLUT4 translocation and glucose uptake into L6 myoblasts and 

myotubes, respectively (16) suggesting that PAKs are involved in glucose uptake regulation. 

Indeed, whole body genetic ablation of PAK1 in mice lead to mildly impaired glucose tolerance 

(19,20). This was associated with defects in GLUT4 translocation in skeletal muscle as well as 

reduced insulin production in pancreatic beta cells (19).  

Although such studies point towards a role for group I PAKs, and particular PAK1 in regulation of 

glucose homeostasis and transport into skeletal muscle, a systematic analysis of the involvement of 

group I PAKs in the regulation of glucose transport in skeletal muscle has not yet been undertaken 

and thus is warranted. Here, we performed a systematic series of genetic and pharmacologic 

experiments to investigate the involvement of group I PAKs. We hypothesized that PAKs, and in 

particular PAK1, would play a major role in glucose transport in response to insulin and 

contraction. In contrast to our hypothesis, we found that PAK2, but not PAK1, is partially involved 

in glucose transport in skeletal muscle. 

 

Methods 

Animals. Female C57BL/6J mice (Taconic, Denmark) were used for all inhibitor incubation studies. 

Mice received standard rodent chow diet (Altromin no. 1324; Brogaarden, Denmark) and water ad 

libitum. 
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Whole-body PAK1-/- mice. Whole-body PAK1-/- mice on a C57BL/6J background were generated as 

previously described (21).  Mice were obtained by heterozygous crossing. PAK1-/- mice (hereafter 

referred to as PAK1 knockout (KO)) and paired littermate PAK1+/+ mice (hereafter referred to as 

controls) were used for experiments. Female and male mice 12-24 weeks of age were used for 

measurement of in vitro insulin-stimulated glucose transport in isolated muscle.  Number of mice in 

each group: Control, n = 6/7 (female/male); PAK1 KO, n = 4/8. Female and male mice 7-13 weeks 

of age were used for measurement of in vitro contraction-stimulated glucose transport in isolated 

muscle.  Number of mice in each group: Control, n = 10/2 (female/male); PAK1 KO, n = 8/2. Mice 

received standard rodent chow diet (Altromin no. 1324; Brogaarden, Denmark) and water ad 

libitum. 

For measurement of in vivo insulin-stimulated glucose uptake in chow or 60E% high-fat diet (HFD 

60E%; no. D12492; Brogaarden, Denmark) fed PAK1 KO mice, mice were assigned to a chow or 

HFD 60E% group. Chow fed mice were terminated at 10-24 weeks of age. Number of mice in each 

group: Control-Chow, n = 14/8 (female/male); PAK1 KO-Chow, n = 6/4. For mice receiving HFD 

60E%, the intervention started at 6-16 weeks of age and lasted for 21 weeks. Mice were terminated 

at 27-37 weeks of age. Number of mice in each group: Control-HFD 60E%, n = 7/7 (female/male); 

PAK1 KO-HFD 60E%, n = 11/5. Mice had access to their respective diet and water ad libitum. 

Double PAK1-/-;PAK2fl/fl;MyoDiCre/+ mice. Double knockout mice with whole-body knockout of 

PAK1 and conditional, muscle-specific knockout of PAK2, PAK1-/-;PAK2fl/fl;MyoDiCre/+ were 

generated as previously described (14). Mice were on a mixed C57BL/6/FVB background. PAK1-/-

;PAK2fl/fl;MyoDiCre/+ (hereafter referred to as d1/2KO) were crossed with PAK1+/-

;PAK2fl/fl;MyoD+/+ (hereafter referred to as controls) to generate d1/2KO, PAK1-/-

;PAK2fl/fl;MyoD+/+ (hereafter referred to as PAK1 KO), PAK1+/-;PAK2fl/fl;MyoDiCre/+ (hereafter 

referred to as PAK2 mKO), and paired littermate controls used for experiments. Female and male 
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mice 10-16 weeks of age were used for measurement of in vitro insulin-stimulated glucose transport 

in isolated muscle. Number of mice in each group: Control, n = 6/4 (female/male); PAK1 KO, n = 

5/4, PAK2 mKO, n = 6/4, d1/2KO, n = 6/3. Mice received standard rodent chow diet (Altromin no. 

1324; Brogaarden, Denmark) and water ad libitum. 

All animals were maintained on a 12:12 hour light-dark cycle and housed at 22±2°C with nesting 

material. Mice were group housed. All experiments were approved by the Danish Animal 

Experimental Inspectorate. 

  

Body composition. Body composition was analyzed using magnetic resonance imaging (EchoMRI-

4in1TM, Echo Medical System LLC, Texas, USA). Chow fed PAK1 KO or control littermates were 

assessed at 7-19 weeks of age. HFD 60E% fed PAK1 KO or control littermates were assessed 18 

weeks into the diet intervention (24-34 weeks of age). Fat mass (FM) and lean body mass (LBM) 

were related to total body mass (BM). 

Glucose tolerance test (GTT). Mice were fasted for 12 hours from 10 p.m. D-mono-glucose (2 g kg-

1 body weight) was administered intraperitoneal (i.p) and blood was collected from the tail vein and 

blood glucose concentration determined using a glucometer (Bayer Contour, Bayer, Switzerland). 

Blood glucose concentration was determined at time points 0, 20, 40, 60, 90, and 120 minutes in 

chow fed PAK1 KO mice or littermate controls (8-20 weeks of age). Glucose tolerance was 

assessed 14 weeks into the diet intervention in HFD 60E% fed PAK1 KO mice or littermate 

controls (20-30 weeks of age), and blood glucose concentration was determined at time points 0, 30, 

60, 90, and 120. For measurements of plasma insulin, glucose was administered i.p. and blood was 

sampled at time points 0 and 20 minutes, centrifuged and plasma was quickly frozen in liquid 
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nitrogen and stored at -80°C until processing. Plasma insulin was analyzed in duplicate (Mouse 

Ultrasensitive Insulin ELISA, #80-INSTRU-E10, ALPCO Diagnostics, USA). 

In vitro incubation of isolated muscle. Soleus and extensor digitorum longus (EDL) muscles were 

dissected from anaesthetized female C57BL/6J mice or male and female PAK1 KO, PAK2 mKO, 

d1/2KO mice or control littermates (6 mg pentobarbital sodium 100 g-1 body weight i.p.) and 

suspended at resting tension (4-5 mN) in incubations chambers (Multi Myograph System, Danish 

Myo Technology, Denmark) in Krebs-Ringer-Henseleit (KRH) buffer with 2 mM pyruvate and 8 

mM mannitol at 30°C, as described previously (22). Additionally, the KRH buffer was 

supplemented with 0.1% BSA (v/v) during experiments with electrically-induced contractions. For 

inhibitor experiments, the muscles were incubated for a total of time of 55-60 minutes in KRH 

buffer with IPA-3 (40 µM, SigmaAldrich) or a corresponding amount of DMSO as vehicle control. 

The incubation chambers were kept dark to avoid degradation of light-sensitive compounds. Before 

30 minutes of insulin-stimulation (60 nM; Actrapid, Novo Nordisk, Denmark), muscles were pre-

incubated for 25 minutes. Before 15 minutes of electrically-stimulated contraction, muscles were 

pre-incubated for 45 minutes. Contractions were induced by electrical stimulation every 15 sec with 

2-sec trains of 0.2 msec pulses delivered at 100 Hz (~35V) for 15 minutes. PAK1 KO or littermate 

controls were pre-incubated in KRH buffer for 30 minutes. After pre-incubation, muscles were 

stimulated with insulin for 30 minutes (6 nM or 60 nM) or electrically-stimulated to contract. PAK1 

KO, PAK2 mKO, d1/2 KO mice or control littermates were pre-incubated for 15-20 minutes 

followed by 20 minutes of insulin stimulation (60 nM). 

2 Deoxy-glucose (2DG) transport was measured with 1 mM 2DG during the last 10 min of the 

stimulation period using 0.75 µCi mL-1 [3H]2DG and 0.225 µCi mL-1 [14C]mannitol radioactive 

tracers as described previously (22). 
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In vivo insulin-stimulated 2 Deoxy-glucose uptake in PAK1 KO mice. To determine 2 Deoxy-

glucose (2DG) uptake in skeletal muscle of PAK1 KO mice or littermate controls, [3H]2DG (Perkin 

Elmer) was injected retro-orbitally (r.o.) in a bolus of saline containing 66.7 μCi mL-1 [3H]2DG 

corresponding to ∼10 μCi/mouse in chow fed mice or  ∼15 μCi/mouse in HFD 60E% fed mice (6 

μL g-1 body weight). The [3H]2DG saline bolus also contained insulin (Actrapid, Novo Nordisk, 

Denmark) or a comparable volume of saline. Decreased insulin clearance has been observed by us 

(23) and others in obese rodent (24,25) and human (26) models. Therefore to correct for changes in 

insulin clearance, 0.5 U kg-1 body weight of insulin was administered in chow mice whereas only 

60% of this dosage was administered to HFD 60E% mice. Prior to stimulation, mice were fasted for 

4 hours from 07:00 and anaesthetized (i.p. injection of 7.5/9 mg (Chow/HFD 60E%) pentobarbital 

sodium 100 g-1 body weight) 15 minutes before the r.o. injection. Blood samples were collected 

from the tail vein prior to and 5 and 10 minutes after the r.o. injection and analyzed for glucose 

concentration using a glucometer (Bayer Contour, Bayer, Switzerland). After 10 minutes, skeletal 

muscle (gastrocnemius, quadriceps, and triceps brachii) were excised, quickly frozen in liquid 

nitrogen and stored at -80°C until processing. Blood was collected by punctuation of the heart, 

centrifuged and plasma was quickly frozen in liquid nitrogen and stored at -80°C until processing. 

Plasma samples were analyzed for insulin concentration and specific [3H]2DG tracer activity. 

Plasma insulin was analyzed in duplicate (Mouse Ultrasensitive Insulin ELISA, #80-INSTRU-E10, 

ALPCO Diagnostics, USA). Tissue specific 2DG-6-phosphate accumulation was measured as 

described (27,28). The tissue specific [3H]2DG-6-P was divided by area under the curve (AUC) of 

the specific [3H]2DG tracer activity in the plasma for time points 0 and 10 minutes to determine 

2DG clearance from the plasma into the specific tissue. To estimate tissue-specific 2DG uptake, 

clearance was multiplied by the average blood glucose levels for the time points 0, 5, and 10 

minutes. Tissue specific 2DG clearance and 2DG uptake were related to tissue weight and time. 
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Muscle analyses. Gastrocnemius, quadriceps, and triceps muscles were pulverized in liquid 

nitrogen. All muscle were homogenized 2 x 30 sec at 30 Hz using a Tissuelyser II (Qiagen, USA) in 

ice-cold homogenization buffer (10% (v/v) Glycerol, 1% (v/v) NP-40, 20 mM Na-pyrophosphate, 

150 mM NaCl, 50 mM HEPES (pH 7.5), 20 mM β-glycerophosphate, 10 mM NaF, 2mM PMSF, 1 

mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 2 mM Na3VO4, 10 µg mL-1 Leupeptin, 10 µg mL-1 

Aprotinin, 3 mM Benzamidine). After rotation end-over-end for 30 min at 4°C, lysate supernatants 

were collected by centrifugation (10,000 x g) for 15-20 min at 4°C. 

Immunoblotting. Lysate protein concentration was determined using the bichinchoninic acid (BCA) 

method using BSA standards and BCA assay reagents (Pierce). Immunoblotting samples were 

prepared in 6x sample buffer (340 mM Tris (pH 6.8), 225 mM DTT, 11% (w/v) SDS, 20% (v/v) 

Glycerol, 0.05% (w/v) Bromphenol blue). Protein phosphorylation (p) and total protein expression 

were determined by standard immunoblotting technique loading equal amounts of protein. The 

polyvinylidene difluoride membrane (Immobilon Transfer Membrane; Millipore) was blocked in 

Tris-Buffered Saline with added Tween20 (TBST) 2% (w/v) skim milk or 5% (w/v) BSA protein 

for 15 minutes at room temperature, followed by incubation overnight at 4°C with the primary 

antibody (Table 1). Next, the membrane was incubated with horseradish peroxidase-conjugated 

secondary antibody (Jackson Immuno Research) for 1 hour at room temperature. Bands were 

visualized using Bio-Rad ChemiDocTM MP Imaging System and enhanced chemiluminescence 

(ECL+; Amersham Biosciences). Densitometric analysis was performed using Image LabTM 

Software, version 4.0 (Bio-Rad, USA). Total actin protein expression or coomassie brilliant blue 

staining was used as a loading control (29). 

Statistical analyses. Results are presented as mean ± S.E.M. or when feasible mean ± S.E.M. with 

individual values shown. Initial force development from inhibitor and PAK1 KO studies and body 

composition in PAK1 KO mice and littermate controls were evaluated using t-tests. Body mass at 
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experimental day and energy intake of PAK1 KO mice and littermate controls were evaluated using 

a two-way ANOVA. In vitro 2DG transport and signaling data from inhibitor and PAK1 KO studies 

and GTT blood glucose and plasma insulin in PAK1 KO and littermate controls were evaluated 

using a two-way repeated-measures (RM) ANOVA. 

For the blood glucose curve during the ITT in the PAK1 KO HFD 60E% study, two two-way RM 

ANOVAs were applied; one two-way RM ANOVA was used to test the factors ‘time’ (0 vs. 5 vs. 

10 minutes) and ‘genotype’ (control vs. PAK1 KO) in chow fed mice alone. Similarly, a second 

two-way RM ANOVA was used to test the factors ‘time’ and ‘genotype’ in HFD 60E% fed mice 

alone. Additionally, three two-way ANOVAs were applied to test the factors ‘genotype’ and ‘diet’ 

at time point 0, 5, and 10 minutes, respectively. For 2DG uptake and 2DG clearance, four two-way 

ANOVAs were applied: two two-way ANOVAs were used to test the factors ‘stimuli’ (basal vs. 

insulin) and ‘genotype’ (control vs. PAK1 KO) in chow and HFD 60E% fed mice, separately. 

Additionally, two two-way ANOVAs were applied to test the factors ‘genotype’ and ‘diet’ in the 

basal and insulin-stimulated state, respectively. 

For 2DG transport and signaling in the PAK1/2 dKO study, four two-way RM ANOVAs were 

applied; one two-way RM ANOVA was used to test the factors ‘stimuli’ (basal vs. insulin) and 

‘PAK1’ (PAK1+/- vs. PAK-/-) for the PAK2fl/fl;MyoD+/+ alone. Similarly, a second two-way RM 

ANOVA was used to test the factors ‘stimuli’ and ‘PAK1’ for PAK2fl/fl;MyoDiCre/+ mice alone. A 

third and fourth two-way RM ANOVA tested the factors ‘stimuli’ and ‘PAK2’ (PAK2fl/fl;MyoD+/+ 

vs. PAK2fl/fl;MyoDiCre/+) for PAK1+/- and PAK-/- mice, separately. Additionally, two two-way 

ANOVAs were applied to test the factors ‘PAK1’ and ‘PAK2’ in the basal and insulin-stimulated 

state, respectively. For total protein expression (average of paired basal and insulin-stimulated 

samples) from PAK1/2 dKO studies, a two-way ANOVA was applied to test the factors ‘PAK1’ 

and ‘PAK2’. 
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If the null hypothesis was rejected, Tukey’s post hoc test was used to evaluate main effects and 

significant interactions in ANOVAs. P < 0.05 was considered statistically significant. P<0.1 was 

considered a tendency. All statistical analyses were performed using Sigma Plot, version 13 (Systat 

Software Inc., Chicago, IL, USA). 

Results 

Pharmacological inhibition of group I p21-activated kinases partially reduces insulin-stimulated 

glucose transport in mouse soleus muscle. Skeletal muscle expresses both p21-activated kinase 

(PAK)1 and PAK2, but not the PAK3 isoform (16). IPA-3 is a well characterized inhibitor of group 

I PAKs (PAK1-3) (16,30) and is expected to inhibit both PAK1 and PAK2 at the applied 

concentration. To test the involvement of PAK1/2 in insulin-stimulated glucose uptake, we 

analyzed 2 deoxy-glucose (2DG) transport in isolated soleus and extensor digitorum (EDL) muscles 

stimulated with 60 nM insulin, a dose that maximally stimulates glucose transport in vitro (31). In 

soleus, insulin-stimulation increased 2DG transport 4.5-fold and this increase was reduced (-20%) 

in IPA-3-treated muscles (Figure 1A). IPA-3 did not significantly impair insulin-stimulated 2DG 

transport in EDL muscle (Figure 1B). In contrast to the relatively modest effect in our incubated 

muscles, IPA-3 has previously been reported to completely abolish insulin-stimulated GLUT4 

translocation and glucose transport into L6 myoblasts and myotubes, respectively (16). We 

confirmed that IPA-3 treatment completely abolished insulin-stimulated Threonine 423 (activation 

site) phosphorylation of PAK1 (pPAK1 T423) in both soleus and EDL muscle (Figure 1C+D) with 

no effects on pAkt S473 (Figure 1E+F) or pAkt T308 (Figure 1G+H). Thus, PAK1/2 seem to be 

only partially involved in insulin-stimulated glucose transport in isolated mouse muscle. Also, 

inhibition of PAK1/2 does not interfere with insulin signaling to Akt suggesting that PAKs are not 

upstream regulators of Akt in response to insulin. 
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Contraction-stimulated glucose transport is partially inhibited by pharmacological inhibition of 

PAK1/2. Because the upstream activator of PAK1/2, Rac1 is also involved in contraction-stimulated 

glucose transport, we newt sought to investigate whether Rac1 may regulate glucose transport 

through its activation of PAK1/2. In control DMSO-treated muscle, electrically-induced contraction 

stimulated a 3-fold increase in 2DG transport in soleus and EDL muscle (Figure 2A+B). IPA-3 

partly inhibited (-22%) this increase in 2DG transport in both muscles (Figure 2A+B). This 

reduction in 2DG transport in IPA-3-treated soleus and EDL muscle, was not associated with 

reduced initial force development by IPA-3 treated muscles (Figure 2C).  

It is unknown if PAK1/2 may regulate 5’ AMP-activated protein kinase (AMPK), a metabolic 

sensor highly activated during muscle contraction and a regulator of glucose uptake (32,33). 

Pharmacological inhibition of group I PAKs did not affect pAMPK T172 in soleus muscle (Figure 

2D). However, contraction-stimulated pAMPK T172 was reduced (-46%) in IPA-3-treated EDL 

muscle (Figure 2E) implying that PAK1 and/or PAK2 participate in contraction-induced activation 

of AMPK in highly glycolytic muscles, such as EDL. However, AMPKs downstream target pACC2 

S212 was normally phosphorylated in response to contraction in both muscles (Figure 2F+G). This 

shows for the first time, that IPA-3 partially inhibits contraction-stimulated glucose uptake in 

skeletal muscle. 

PAK1 knockout does not affect whole body glucose tolerance or insulin-stimulated 2DG transport 

in isolated skeletal muscle. Pharmacological inhibitors often have unknown off target effects and 

we therefore next sought to confirm our findings in mice lacking the PAK1 isoform. Previously, 

these mice have been shown to display abolished GLUT4 translocation in response to insulin (19). 

Body composition (Figure 3A-B) and body mass (Figure 3A) was similar in chow fed PAK1 

knockout (KO) mice and control littermates as also reported previously (20). Moreover, the lack of 

PAK1 had no effect on whole body glucose tolerance (Figure 3C). Also, the plasma insulin 
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concentration increased to a similar extent in response to glucose administration during the GTT in 

PAK1 KO mice compared to littermate control (Figure 3D). Furthermore, both submaximal and 

maximal insulin-stimulated 2DG transport in incubated isolated soleus and EDL muscle was 

unaffected by PAK1 KO (Figure 3E-F). This is in contrast to the results using the group I PAK 

inhibitor IPA-3 (Figure 1) and a previous study in PAK1 KO mice reporting impaired glucose 

tolerance due to reduced insulin production in pancreatic beta cells together with defects in GLUT4 

translocation in skeletal muscle (19). 

PAK1 does not regulate in vivo insulin-stimulated glucose uptake nor does PAK1 KO exacerbate 

high-fat diet-induced insulin resistance. Because our findings in chow fed PAK1 KO mice 

conflicted with previous reports in vivo (19), we further explored the effect of PAK1 KO on glucose 

uptake in skeletal muscle in vivo. Furthermore, we fed a subgroup of the PAK1 KO mice and 

control littermates a 60E% high-fat diet (HFD 60E%) for 21 weeks. Like for chow fed mice, lack of 

PAK1 in HFD fed mice had no effect on body composition (Figure 4A-B). Similarly, glucose 

tolerance (Figure 4C) and plasma insulin concentration during the GTT (Figure 4D) were 

unaffected by PAK1 KO in HFD fed mice. At the terminal experiment, chow fed mice weighed 

approximately 26 g, while the HFD group weighted approximately 37 g by the end of the 21 week 

diet intervention, regardless of genotype (Figure 4E). Energy intake was monitored in a separate 

experiment and found to be increased (+98%) in mice fed a HFD (Supplemental figure 1A). No 

effect of genotype was observed (Supplemental figure 1A). 

To investigate insulin action, we analyzed insulin-stimulated glucose uptake in vivo; a physiological 

functional outcome of insulin action. Basal blood glucose levels were neither affected by diet nor 

genotype (Supplemental figure 1B). Insulin administration lowered blood glucose levels by 5.4 mM 

(-47%) in chow fed control mice, whereas HFD induced a marked insulin resistance with only a 3.0 

mM (-26%) drop in blood glucose upon insulin administration (Figure 4F, Supplemental figure 1B). 
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Lack of PAK1 had no impact on whole body insulin tolerance on neither of the diets (Figure 4F, 

Supplemental figure 1B). Insulin increased 2DG uptake in chow fed (gastrocnemius: 8.1-fold; 

quadriceps: 8.5-fold, triceps brachii: 12.3-fold) and HFD fed (gastrocnemius: 3.5-fold; quadriceps: 

1.8-fold, triceps brachii: 4.3-fold) control mice (Figure 4G-I). Consistent with our in vitro findings, 

we observed no effect of PAK1 KO on neither basal nor insulin-stimulated 2DG uptake and 

muscular HFD-induced insulin resistance was induced similarly in both genotypes in all of the 

investigated muscles (Figure 4G-I). As an estimate of glucose uptake, 2DG uptake accounts for the 

mass action of the blood glucose concentration in contrast to 2DG clearance. However, 2DG 

clearance showed similar results as 2DG uptake in all of the investigated muscles (Supplemental 

figure 1C-E). Thus, PAK1 is not important for in vivo insulin-stimulated glucose uptake nor does 

PAK1 KO exacerbate high-fat diet-induced insulin resistance.  

PAK1 is dispensable for contraction-stimulated glucose transport. We next investigated the impact 

of PAK1 KO on 2DG transport in isolated soleus and EDL muscles in response to electrically-

induced contraction. In contrast to IPA-3-treated muscles (Figure 2), we observed no effect of 

PAK1 KO on contraction-stimulated 2DG transport in neither soleus nor EDL muscle (Figure 5A-

B). Moreover, PAK1 KO did not affect initial force development in contracting muscles (Figure 

5C). Thus, contrasting with previous findings of abolished in vivo insulin-stimulated GLUT4 

translocation in these mice (19), our findings show that PAK1 is clearly dispensable for insulin- and 

contraction-stimulated glucose transport in mouse skeletal muscle. 

PAK2 regulates TBC1D4 protein expression and signaling. Because of our discrepant results using 

the pharmacological inhibitor of group I PAKs and the PAK1 KO mice, we next sought to 

specifically test the relative contribution and involvement of PAK1 and PAK2 in insulin signaling 

and glucose transport. For this, we obtained a new cohort of littermate mice that lacked either PAK1 

in all tissues of the body (PAK1 KO) or PAK2 specifically in skeletal muscle (PAK2 mKO), or 
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lacked PAK1 and PAK2 jointly (d1/2KO). While no band for PAK1 could be detected in PAK1 KO 

muscles, mice lacking PAK2 mice displayed only a 39-59% reduction in band intensity in the 

immunoblots for PAK2 (Supplemental figure 2A-D, Figure 6K). This is likely due to the fact that 

the PAK1 KO was whole body knockouts, while the PAK2 mKO was muscle-specific and 

contaminating tissues could thus contribute to the signal obtained in the PAK2 blots. 

Because of similar results in the PAK1 KO mice in vivo and in vitro, we investigated these mice in 

vitro because it better mimics GLUT4 translocation and in order to use a paired design and analyze 

basal- and insulin-stimulated signaling and glucose transport in the same mouse to maximize 

information output. All genotypes displayed normal basal- and insulin-stimulated pAktS473 and 

pAktT308 in both soleus (Figure 6A+C) and EDL muscle (Figure 6B+D) compared to control 

littermates. In addition, total Akt2 protein expression was similar in all groups (Supplemental figure 

2E-F, Figure 6K) suggesting that neither PAK1 nor PAK2 are regulators of Akt in mouse skeletal 

muscle. In contrast, protein expression of Akt’s downstream target, TBC1D4 was increased by lack 

of PAK2 in soleus muscle (PAK2 mKO: +47%; d1/2KO: +20%) (Figure 6E), while reduced in 

EDL (PAK2 mKO: -33%; d1/2KO: -9%) (Figure 6F). However, basal- and insulin-stimulated 

pTBC1D4 T642 was unaffected in soleus muscle (Figure 6G), suggesting that activation through 

this pathway is normal. In EDL muscle, insulin-stimulated pTBC1D4 T642 was reduced by lack of 

PAK2 (PAK2 mKO: -39%; d1/2KO: -4%) (Figure 6H), which could due to the reduced amount of 

total protein in this muscle. GLUT4 protein was normal in soleus (Figure 6I) and mildly reduced in 

EDL PAK1 KO and PAK2 mKO mice, but surprisingly not d1/2KO (Figure 6J). Thus, these 

findings demonstrate that PAK2 regulates TBC1D4 protein expression and signaling in response to 

insulin in EDL muscle. 

Insulin-stimulated glucose transport relies partially on PAK2 in EDL, but not soleus muscle, while 

PAK1 is not involved. Regardless of genotype, all mice displayed completely normal insulin-
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stimulated 2DG transport in isolated soleus muscles compared to control littermates (Figure 7A), 

suggesting that neither PAK1 nor PAK2 are major regulators of insulin-stimulated glucose transport 

in soleus muscle. In EDL we observed a modest (PAK2 mKO: -18%; d1/2KO: -12%) reduction of 

insulin-stimulated 2DG transport in muscles lacking PAK2 (Figure 7B), suggesting that PAK2 may 

play a minor role in insulin-stimulated glucose transport in glycolytic EDL muscle.  

Taken together, our systematic delineation of the involvement of the PAK isoforms expressed in 

skeletal muscle, consistently show that PAK1 is not involved in glucose uptake in skeletal muscle, 

while PAK2 may play a minor role. 

 

Discussion 

The major finding of the current investigation was that despite previous reports, group I PAKs seem 

to play no, or modest roles in glucose uptake in skeletal muscle. Using two different cohorts of 

transgenic mice lacking either PAK1 alone, PAK2, or jointly lacking both PAK1 and PAK2, we 

show that PAK1 plays no role in neither insulin- nor contraction-stimulated glucose transport in 

skeletal muscle. On the other hand, PAK2 does seem to be modestly involved in insulin-stimulated 

glucose transport in EDL muscle, an effect that was accompanied by a reduction in insulin-

stimulated pTBC1D4 T642. We also found no effect of whole body KO of PAK1 on glucose 

tolerance and insulin secretion in mice fed a standard chow diet (insulin sensitive mice) nor in mice 

fed a HFD (insulin resistant mice). Although glucose uptake has never been assessed before in these 

mice, our findings are somewhat dissimilar to previous studies showing that in hindblimb muscle of 

PAK1 KO mice, GLUT4 abundancy at the plasma membrane in response to insulin was completely 

abrogated (19). That study indicated a key role for PAK1 in regulating glucose transport and 

therefore we were surprised to find that in all of our experimental models group I PAKs played no, 
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or only a very modest role in insulin and contraction-stimulated glucose uptake. PAK1 KO mice 

have also been reported to display impaired glucose tolerance (19,20), whereas in our study PAK1 

KO mice on both a chow diet and HFD displayed blood glucose concentrations similar to WT 

littermates during a glucose tolerance test. The discrepancies are difficult to delineate but could be 

due to methodological differences. Wang et al. used a crude fractionation method to measure 

GLUT4 translocation, we analyzed the direct outcome hereof, glucose uptake. Discrepancies 

between the presence of GLUT4 at the plasma membrane and glucose transport have been reported 

(34–37). While our studies were conducted in female and male mice at different ranges of ages, but 

primarily young mice, the past studies on PAK1 KO mice have been conducted in older male mice. 

Thus the discrepancies could be due to effect of age and a role for PAKs in age- related insulin 

resistance should be further investigated. Nevertheless, our systemic investigation suggests that 

group I PAKs are not major players in regulating whole body glucose homeostasis or skeletal 

muscle glucose uptake. 

In the current study, pharmacological inhibition of group I PAKs inhibited muscle glucose transport 

in response to insulin and contraction. In agreement, IPA-3 inhibited insulin-stimulated GLUT4 

translocation and glucose transport in L6 cells (16). However, these effects seemed to be somewhat 

unspecific as they were not recapitulated in mice lacking PAK1 while only modest effects were 

found in mice lacking PAK2. IPA-3 is a non-ATP-competitive inhibitor that allosterically inhibit all 

group 1 PAKs (PAK1, 2, and 3) by binding covalently to the PAK regulatory domain, preventing 

binding to PAK activators, such as Rac1 (30). Although IPA-3 is described as a highly selective and 

well described inhibitor of Group 1 PAKs that does not affect other groups of PAK or similar 

kinases tested (30), off target effects of pharmacological inhibitors is a concern. It also possible, that 

acute IPA-3-induced inhibition of group I PAKs elicits more potent effects compared with PAK1/2 
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KO, as the transgenic manipulations have been present from birth and thus could have resulted in 

compensatory mechanisms. The development of inducible models could help clarify this.  

Our hypothesis was that PAKs would be significantly involved in glucose uptake because of the key 

role of its upstream activator, Rac1 (7,9,23). However, this was not the case, and the question 

remains as to how Rac1 mediates glucose uptake in muscle. Our findings firmly show that group I 

PAKs is largely dispensable for normal regulation of glucose transport, suggesting that Rac1 does 

not mediate glucose uptake through group I PAKs. Another downstream target of Rac1, RalA was 

recently discovered to act on glucose transport. Overexpression of a constitutively activated Rac1 

mutant was found to activate RalA (38) and importantly, expression of a dominant-negative mutant 

of RalA significantly reduced GLUT4 translocation in response to insulin, and this effect persisted 

in muscle expressing a constitutively activated mutant of Rac1 (39). Those findings suggest that 

RalA may mediate the effects on GLUT4 downstream of Rac1. Another recent study has suggested 

that Rac1 mediate exercise-stimulated glucose uptake through activation of the NADPH oxidase 

complex and regulated the generation of reactive oxygen species (40). Thus future studies should 

aim to investigate such players downstream of Rac1, as group I PAKs seems to be largely 

dispensable for glucose uptake in skeletal muscle.   

Based on the present results, we conclude that PAK1/2 proteins are not major regulators of skeletal 

muscle glucose uptake but that PAK2 may play a minor role. 
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Figure Legends 

Figure 1: Insulin-stimulated glucose transport is reduced in IPA-3-treated mouse soleus 

muscle. A-B) Insulin-stimulated (60 nM) 2 Deoxy-glucose (2DG) transport in soleus (A) and 

extensor digitorum longus (EDL, B) muscle ± 40 µM IPA-3 or a corresponding amount of DMSO. 

Pre-incubation for 25 minutes followed by 30 minutes insulin stimulation with 2DG transport 

analyzed for the final 10 minutes of stimulation. C-H) Bar graphs showing quantification of 

phosphorylated (p)PAK1 T423, pAkt S473, and pAkt T308 in insulin-stimulated soleus (C, E, and 

G) and EDL (D, F, and H) muscle ± 40 µM IPA-3 or a corresponding amount of DMSO. Samples 

were excluded in some of the immunoblots, so the number of determinations were n = 8/8 

(DMSO/IPA-3) for pPAK1 T423 and n = 8/7 for pAkt S473 and T308 in soleus muscle were. I-J) 

Representative blots showing pPAK1 T423, pAkt S473, and pAkt T308 in soleus (I) and EDL (J) 

muscle. Interactions: Insulin stimulation vs. basal control *** (p<0.001); IPA-3 vs. DMSO control 

#/### (p<0.05/0.001). Unless otherwise stated in the figure legend, the number of determinations in 

each group: DMSO, n = 9/9 (soleus/EDL); IPA-3, n = 8/8. Data are presented as mean ± S.E.M. 

with individual values shown. A.U., arbitrary units. 

Figure 2: Contraction-stimulated glucose transport is partially inhibited in IPA-3-treated 

mouse skeletal muscle. A-B) Contraction-stimulated (2 sec/15 sec, 100 Hz) 2 Deoxy-glucose 

(2DG) transport in soleus (A) and extensor digitorum longus (EDL, B) muscle ± 40 µM IPA-3 or a 

corresponding amount of DMSO. Pre-incubation for 45 minutes followed by 15 minutes 

electrically-stimulated contractions with 2DG transport analyzed for the final 10 minutes of 

stimulation. C) Initial force development during electrically-stimulated contractions in soleus and 

EDL muscle ± 40 µM IPA-3 or a corresponding amount of DMSO. D-G) Bar graphs showing 

quantification of phosphorylated (p)AMPK T172 and pACC2 S212 in contraction-stimulated soleus 

(D and F) and EDL (E and G) muscle  ± 40 µM IPA-3 or a corresponding amount of DMSO. 
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Samples were excluded in the immunoblot for pACC2 S212 in soleus muscle and the number of 

determinations were n = 5/6 (DMSO/IPA-3). H-I) Representative blots showing pAMPK T172 and 

pACC2 S212 and actin protein expression as a loading control in soleus (H) and EDL (I) muscle. 

Interactions: Insulin stimulation vs. basal control **/*** (p<0.01/0.001); IPA-3 vs. DMSO control 

#/## (p<0.05/0.01). Unless otherwise stated in the figure legend, the number of determinations in 

each group: DMSO, n = 8/8 (soleus/EDL); IPA-3, n = 9/9. Data are presented as mean ± S.E.M. 

with individual values shown. A.U., arbitrary units. 

Figure 3: PAK1 knockout does not affect whole body glucose homeostasis or insulin-

stimulated glucose transport in isolated skeletal muscle. A-B) Bar graph showing body 

composition (FM: Fat mass; LBM: Lean body mass; BM: Body mass) in gram (A) or percentage 

(B) in chow fed PAK1 knockout (KO) mice or control littermates. Mice were 7-19 weeks of age. 

The number of mice in each group: Control, n = 13; PAK1 KO, n = 12. C) Blood glucose levels 

during a glucose tolerance test (GTT) in chow fed PAK1 KO mice or control littermates. Mice were 

8-20 weeks of age. The number of mice in each group: Control, n = 10; PAK1 KO, n = 9. D) 

Plasma insulin values during GTT in chow fed PAK1 KO mice or control littermates. Mice were 9-

21 weeks of age. The number of mice in each group: Control, n = 13; PAK1 KO, n = 10. E-F) 

Submaximal (6 nM) and maximal (60 nM) insulin-stimulated 2 Deoxy-glucose (2DG) transport in 

soleus (A) and extensor digitorum longus (EDL, B) muscle from PAK1 KO mice or littermate 

controls. Mice were 12-24 weeks of age. Pre-incubation for 30 minutes followed by 30 minutes 

insulin stimulation with 2DG transport analyzed for the final 10 minutes of stimulation. The number 

of determinations in each group: Control-Basal, n = 13/12 (soleus/EDL); Control-Submaximal, n = 

6/6; Control-Maximal, n = 7/6; PAK1 KO-Basal, n = 14/14; Control-Submaximal, n = 7/7; 

Control-Maximal, n = 7/7. ¤¤¤ Main effect of maximal vs. submaximal insulin stimulation 

(p<0.001). Data are presented as mean ± S.E.M. or mean ± S.E.M. with individual values shown. 
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Figure 4: PAK1 does not regulate in vivo insulin-stimulated glucose uptake in mouse skeletal 

muscle. A-B) Bar graph showing body composition (FM: Fat mass; LBM: Lean body mass) in 

gram (A) or percentage (B) in PAK1 knockout (KO) mice or control littermates fed a 60E% high-

fat diet (HFD 60E%) for 21 weeks. Body composition was measured in week 18-19. The number of 

mice in each group: Control, n = 14; PAK1 KO, n = 17. C) Blood glucose levels during a glucose 

tolerance test (GTT) in PAK1 KO mice or control littermates fed a HFD 60E% for 21 weeks. 

Glucose tolerance was measured in week 14. The number of mice in each group: Control, n = 13; 

PAK1 KO, n = 17. D) Plasma insulin values during GTT in HFD 60E% fed PAK1 KO mice or 

control littermates fed a HFD 60E% for 21 weeks. Plasma insulin in response to glucose 

administration was measured in week 16. The number of mice in each group: Control, n = 11; 

PAK1 KO, n = 16. E) Body mass at terminal experiment in PAK1 KO mice or control littermates. 

Chow fed mice fed were terminated at 10-24 weeks of age. Mice fed a HFD 60E% for 21 weeks 

were terminated at 27-37 weeks of age. The number of mice in each group: Control, n = 22/14 

(Chow/HFD 60E%); PAK1 KO, n = 10/16. F) Blood glucose levels related to basal during retro 

orbital insulin tolerance test (ITT) in PAK1 KO mice or control littermates fed a HFD 60E% or 

chow diet. The number of mice in each group: Control, n = 12/10 (Chow/HFD 60E%); PAK1 KO, 

n = 6/11. G-I) Insulin-stimulated (Chow: 0.5 U kg
-1

 body weight; HFD 60E%: 60% of insulin 

administered to chow fed mice) 2 Deoxy-glucose (2DG) uptake in gastrocnemius (G), quadriceps 

(H), and triceps brachii (I) muscle from PAK1 KO mice or control littermates fed a HFD 60E% or 

chow diet. The number of mice in each group: Control-Saline, n = 12/6 (Chow/HFD 60E%); 

Control-Insulin, n = 12/10 (Chow/HFD 60E%); PAK1 KO-Saline, n = 4/6; PAK1 KO-Insulin, n = 

6/11. *** Main effect of insulin stimulation (p<0.05/0.001). §§/§§§ Main effect of HFD 60E% 

(p<0.01/0.001). Data are presented as mean ± S.E.M. or mean ± S.E.M. with individual values 

shown. 
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Figure 5: Contraction-stimulated glucose transport is not affected in isolated skeletal muscle 

from PAK1 knockout mice. A-B) Contraction-stimulated (2 sec/15 sec, 100 Hz) 2 Deoxy-glucose 

(2DG) transport in soleus (A) and extensor digitorum longus (EDL, B) muscle from PAK1 

knockout (KO) mice or littermate controls. Pre-incubation for 30 minutes followed by 15 minutes 

electrically-stimulated contractions with 2DG transport analyzed for the final 10 minutes of 

stimulation. C) Initial force development during electrically-stimulated contractions in soleus and 

EDL muscle from PAK1 KO mice or littermate controls. D-E) Representative blots showing total 

PAK1 protein expression in soleus (D) and EDL (E) muscle from PAK1 KO mice or littermate 

controls.  The number of determinations in each group: Control, n = 9/9 (soleus/EDL); PAK1 KO, 

n = 8/9. Data are presented as mean ± S.E.M. with individual values shown. 

Figure 6: Lack of PAK2 affects TBC1D4 protein expression and signaling. A-J) Bar graphs 

showing quantification of phosphorylation of (p)Akt S473, pAkt T308, pTBC1D4 T642 and total 

TBC1D4 and GLUT4 protein expression in insulin-stimulated (60 nM) soleus (A, C, E, G, and I) 

and extensor digitorum longus (B, D, F, H, and J) muscle from PAK1 knockout (KO), PAK2 mKO, 

PAK1/2 double KO (d1/2KO) mice or littermate controls. Total protein expression is an average of 

paired basal- and insulin-stimulated sample. The number of determinations for GLUT4 in soleus 

muscle: Control, n = 6; PAK1 KO, n = 5; PAK2 KO, n = 6; PAK1/2 dKO, n = 6. K-L) 

Representative blots showing pAkt S473, pAkt T308, pTBC1D4 T642 and total PAK1, PAK2, 

Akt2, TBC1D4 and GLUT4 protein expression and coomassie staining as a loading control in 

soleus (K) and EDL (L) muscle. Total protein expression is an average of paired basal and insulin-

stimulated samples. Interactions: Control vs. PAK1 KO § (p<0.05); Control vs. PAK2 mKO €€ 

(p<0.01). Unless otherwise stated in the figure legend, the number of determinations in each group: 

Control, n = 9/10 (soleus/EDL); PAK1 KO, n = 8/9; PAK2 KO, n = 10/9; PAK1/2 dKO, n = 9/9. 

Data are presented as mean ± S.E.M. with individual values shown. A.U., arbitrary units. 
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Figure 7: PAK2 mKO, but not PAK1 KO partly reduces glucose transport in EDL muscle. A-

B) Insulin-stimulated (60 nM) 2 Deoxy-glucose (2DG) transport in soleus (A) and extensor 

digitorum longus (EDL, B) muscle from PAK1 knockout (KO), PAK2 mKO, PAK1/2 double KO 

(d1/2KO) mice or control littermates. Pre-incubation for 20 minutes followed by 20 minutes insulin 

stimulation with 2DG transport analyzed for the final 10 minutes of stimulation. The number of 

determinations in each group: Control, n = 9/10 (soleus/EDL); PAK1 KO, n = 8/9; PAK2 KO, n = 

10/10; PAK1/2 dKO, n = 9/9. Data are presented as mean ± S.E.M. with individual values shown. 

 

Supplemental figure 1: A) Energy intake in chow or 60E% high-fat diet (HFD 60E%) fed PAK1 

knockout (KO) mice or control littermates. The number of mice in each group: Control, n = 8/8 

(Chow/HFD 60E%); PAK1 KO, n = 8/8. B) Blood glucose levels during retro orbital insulin 

tolerance test (ITT) in chow or HFD 60E% fed PAK1 KO mice or control littermates. The number 

of mice in each group: Control, n = 12/10 (Chow/HFD 60E%); PAK1 KO, n = 6/11. C-E) Insulin-

stimulated (Chow: 0.5 U kg
-1

 body weight; HFD 60E%: 60% of insulin administered to chow fed 

mice) 2 Deoxy-glucose (2DG) clearance in gastrocnemius (C), quadriceps (D), and triceps brachii 

(E) muscle from PAK1 KO mice or control littermates fed a chow or HFD 60E% diet. The number 

of mice in each group: Control-Saline, n = 12/6 (Chow/HFD 60E%); Control-Insulin, n = 12/10 

(Chow/HFD 60E%); PAK1 KO-Saline, n = 4/6; PAK1 KO-Insulin, n = 6/11. *** Main effect of 

insulin stimulation (p<0.05/0.001). §§§ Main effect of HFD 60E% (p<0.001). Data are presented as 

mean ± S.E.M. or mean ± S.E.M. with individual values shown. 

Supplemental figure 2: A-F) Bar graphs showing quantification of total PAK1, PAK2, and Akt2 

protein expression in soleus (A, C, and E) and extensor digitorum longus (B, D, and F) muscle from 

PAK1 knockout (KO), PAK2 mKO, PAK1/2 double KO (d1/2KO) mice or littermate controls. 
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Total protein expression is an average of paired basal- and insulin-stimulated sample. ¤¤¤ Main 

effect of PAK1 KO (p<0.001). ##/### Main effect of PAK2 KO (p<0.01/0.001). The number of 

determinations in each group: Control, n = 9/10 (soleus/EDL); PAK1 KO, n = 8/9; PAK2 KO, n = 

10/9; PAK1/2 dKO, n = 9/9. Data are presented as mean ± S.E.M with individual values shown. 

A.U., arbitrary units. 
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