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Non-standard abbreviations 24 

2DG: 2-Deoxyglucose 25 

AUC: Area under the curve  26 

BCA: Bicinchoninic acid 27 

BW: Body weight 28 

dKO: Double knockout 29 

EDL: Extensor digitorum longus 30 

FM: Fat mass 31 

GLUT4: Glucose transporter 4 32 

GTT: Glucose tolerance test 33 

HFD: High-fat diet 34 

HOMA-IR: Homeostatic Model Assessment of Insulin Resistance 35 

ITT: Insulin tolerance test 36 

i.p.: Intraperitoneal 37 

KO: Knockout 38 

L6-GLUT4myc: Rat L6 skeletal muscle cells overexpressing myc-tagged GLUT4 39 

LBM: Lean body mass 40 

mKO: Muscle-specific knockout 41 

NOX: NADPH oxidase 42 

PAK: p21-activated kinase 43 

PI3K: Phosphoinositide 3-kinase  44 

RER: Respiratory exchange ratio 45 

r.o.: Retro-orbital 46 

VO2: Oxygen uptake 47 
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Abstract 48 

Glucose transport into skeletal muscle is essential for maintaining whole-body glucose homeostasis 49 

and accounts for the majority of glucose disposal in response to insulin. The group I p21-activated 50 

kinase (PAK) isoforms PAK1 and PAK2 have been shown to be activated in response to insulin in 51 

skeletal muscle. Moreover, PAK1/2 signalling is impaired in insulin-resistant mouse and human 52 

skeletal muscle and PAK1 has been suggested to be required for insulin-stimulated GLUT4 53 

translocation. However, the relative contribution of PAK1 and PAK2 to insulin-stimulated glucose 54 

uptake in mature skeletal muscle is unresolved. The aim of the present investigation was to 55 

determine the requirement for PAK1 and PAK2 in whole-body glucose homeostasis and insulin-56 

stimulated glucose uptake in skeletal muscle. Glucose uptake was measured in isolated skeletal 57 

muscle incubated with a pharmacological inhibitor (IPA-3) of group I PAKs and in muscle from 58 

whole-body PAK1 knockout (KO), muscle-specific PAK2 (m)KO and double whole-body PAK1 59 

and muscle-specific PAK2 knockout mice. The whole-body respiratory exchange ratio, indicative 60 

of substrate utilization, was largely unaffected by lack of PAK1 and/or PAK2. Whole-body glucose 61 

tolerance was mildly impaired in PAK2 mKO, but not PAK1 KO mice. In contrast to a previous 62 

study of GLUT4 translocation in PAK1 KO mice, PAK1 KO muscles displayed normal insulin-63 

stimulated glucose uptake in vivo and in isolated muscle. On the contrary, glucose uptake was 64 

slightly reduced (-12-18%) in response to insulin in glycolytic extensor digitorum longus muscle 65 

lacking PAK2. In conclusion, group I PAKs are largely dispensable for the regulation of whole-66 

body glucose homeostasis and skeletal muscle glucose uptake. Thus, the present study challenges 67 

that group I PAKs, and especially PAK1, are necessary regulators of insulin-stimulated glucose 68 

uptake in skeletal muscle.  69 
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Introduction 70 

The skeletal muscles act as a major glucose sink for disposal of glucose from the blood and are 71 

therefore essential in maintaining whole-body glucose homeostasis. It is important to understand the 72 

mechanisms regulating glucose uptake by skeletal muscle, in part because skeletal muscles account 73 

for the majority of insulin-mediated whole-body glucose disposal [1,2] and muscle insulin 74 

resistance is an early defect in the pathophysiology of peripheral insulin resistance and type 2 75 

diabetes mellitus [1,3].  76 

Insulin stimulates glucose uptake in skeletal muscle by activation of a signalling cascade that leads 77 

to the translocation of glucose transporter (GLUT)4-containing vesicles to the sarcolemma and 78 

transverse tubuli [4]. This signalling cascade has been proposed to include activation of p21-79 

activated kinase 1 (PAK1) downstream of PI3K [5–7]. PAKs are serine/threonine kinases and 80 

PAK1, PAK2 and PAK3 constitute the group I PAKs. Group I PAKs have been extensively studied 81 

as part of numerous signalling networks that regulate essential cellular activities, including cell 82 

proliferation, differentiation, apoptosis, and cytoskeleton dynamics [8,9]. PAKs are downstream 83 

targets of the Rho GTPases Cdc42 and Rac1 [10]. Previous studies suggest that only PAK1 and 84 

PAK2 are expressed in skeletal muscle, whereas PAK3 mRNA and protein expression is below the 85 

detection limit [6,8,11]. In muscle cells and mouse skeletal muscle, PAK1 is proposed to be 86 

required for GLUT4 translocation in response to insulin stimulation [6,7], likely downstream of 87 

Rac1 [12–17]. Thus, together with Akt, proposed to regulate GLUT4 translocation via 88 

phosphorylation of the Rab GTPase-activating protein TBC1D4 [18–20], Rac1-PAK1 activation is 89 

suggested to be necessary for insulin-stimulated GLUT4 translocation.  90 

Upon activation of PAK1 and PAK2, conformational changes allow autophosphorylation of T423 91 

and T402, respectively, thereby relieving the autoinhibition of PAK1 and PAK2 [10,21,22]. In 92 
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vastus lateralis muscle from subjects with obesity and type 2 diabetes, phosphorylation of PAK1/2 93 

at T423/402 in response to insulin was 50% reduced compared to healthy controls [15]. Likewise, 94 

insulin-stimulated pPAK1/2 T423/402 was diminished in palmitate-treated insulin-resistant L6 95 

myotubes, even though upstream of PAK1/2, insulin-stimulated Rac1-GTP binding (i.e. activation) 96 

was not impaired [23]. Together, these studies [15,23] associate dysregulated activity of PAK1 and 97 

PAK2 with insulin resistance. In addition, a pharmacological inhibitor of group I PAKs, IPA-3 98 

abolished insulin-stimulated GLUT4 translocation and glucose uptake into L6 myoblasts and 99 

myotubes, respectively, overexpressing myc-tagged GLUT4 (L6-GLUT4myc) [6]. This indicates 100 

that group I PAKs are required for insulin-stimulated glucose uptake. This effect has largely been 101 

ascribed to PAK1, as whole-body genetic ablation of PAK1 in mice impaired glucose tolerance 102 

[7,24] and blocked insulin-stimulated GLUT4 translocation in skeletal muscle [7]. Further 103 

supporting PAK1 being the major PAK isoform regulating GLUT4 translocation, insulin-stimulated 104 

GLUT4 translocation was unaffected by a 75% knockdown of PAK2 in L6-GLUT4myc myoblasts 105 

[6]. The suggested downstream mechanisms whereby PAK1 regulates GLUT4 translocation include 106 

simultaneous cofilin-mediated actin depolymerization and N-WASP-cortactin-mediated actin 107 

polymerization [6,25,26].  108 

Although such studies implicate group I PAKs, and in particular PAK1, in the regulation of glucose 109 

homeostasis and GLUT4 translocation in skeletal muscle, the relative role of PAK1 and PAK2 in 110 

insulin-stimulated glucose uptake remains to be identified in mature skeletal muscle. Therefore, we 111 

performed a systematic series of pharmacologic and genetic experiments to analyze the involvement 112 

of group I PAKs in the regulation of insulin-stimulated glucose uptake in mouse skeletal muscle. 113 

We hypothesized that group I PAKs, and in particular PAK1, would be necessary for glucose 114 

uptake in response to insulin. Contradicting our hypothesis, our results revealed that group I PAKs 115 

are largely dispensable for insulin-stimulated glucose uptake in skeletal muscle. 116 
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 117 

Results 118 

Pharmacological inhibition of group I PAKs partially reduces insulin-stimulated glucose uptake in 119 

mouse soleus muscle. To investigate the involvement of group I PAKs in insulin-stimulated glucose 120 

uptake in mouse skeletal muscle, we first analyzed 2DG uptake in isolated soleus and extensor 121 

digitorum longus (EDL) muscle in the presence of a pharmacological inhibitor, IPA-3. While 122 

glucose uptake in vivo is influenced by glucose delivery, GLUT4 translocation and muscle 123 

metabolism [27], glucose delivery is constant in isolated skeletal muscle and surface membrane 124 

GLUT4 is the limiting factor [28–30]. Therefore, 2-Deoxyglucose (2DG) uptake in isolated muscles 125 

likely reflects GLUT4 translocation. IPA-3 is a well-characterized inhibitor of group I PAKs 126 

(PAK1-3) [6,31] and shown to completely abolish insulin-stimulated GLUT4 translocation and 127 

glucose uptake in L6-GLUT4myc myoblasts and myotubes, respectively [6]. In soleus, 2DG uptake 128 

increased 4.5-fold upon maximal insulin-stimulation, an increase that was partly reduced (-20%) in 129 

IPA-3-treated muscles (Fig. 1A). IPA-3 did not significantly (p=0.080) impair insulin-stimulated 130 

(+2.4-fold) 2DG uptake in EDL muscle (Fig. 1B). We confirmed that IPA-3 treatment abolished 131 

insulin-stimulated phosphorylation of (p)PAK1 T423 in both soleus and EDL muscle (Fig. 1C+D). 132 

In contrast, insulin-stimulated pAkt T308 (Fig. 1E+F) and pAkt S473 (Fig. 1G+H) were unaffected 133 

by IPA-3 treatment, suggesting that IPA-3 did not interfere with insulin signalling to Akt. 134 

Altogether this suggests that group I PAKs are only partially involved in insulin-stimulated glucose 135 

uptake in isolated mouse muscle.  136 

PAK1 knockout does not affect whole-body glucose tolerance or insulin-stimulated glucose uptake 137 

in isolated skeletal muscle. We next sought to confirm our findings in mice with whole-body lack of 138 

the PAK1 isoform (PAK1 KO) and therefore a complete knockout of PAK1 in skeletal muscle (Fig. 139 
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2A). In chow-fed mice, fat mass, lean body mass, body weight and energy intake (Fig. 2B-C) were 140 

similar between whole-body PAK1 KO and littermate controls, as also reported previously [33]. 141 

During a glucose tolerance test (GTT), the lack of PAK1 had no effect on the blood glucose 142 

response (Fig. 2D-E) or plasma insulin concentration (Fig. 2F). Additionally, Homeostatic Model 143 

Assessment of Insulin Resistance (HOMA-IR), a measure of basal glucose homeostasis (Fig. 2G), 144 

and both submaximal and maximal insulin-stimulated 2DG uptake in isolated soleus and EDL 145 

muscle were unaffected by PAK1 KO (Fig. 2H-I). Thus, unexpectedly, genetic ablation of PAK1 146 

alone did not impair whole-body glucose tolerance, or skeletal muscle insulin sensitivity 147 

(submaximal insulin-stimulated glucose uptake) or insulin responsiveness (maximal insulin-148 

stimulated glucose uptake) in divergence to previous reports [6,7,9]. 149 

PAK1 is not required for insulin-stimulated glucose uptake in lean or diet-induced insulin-resistant 150 

mice in vivo. Our findings on insulin-stimulated glucose uptake in isolated muscle from chow-fed 151 

PAK1 KO mice conflicted with a previous study reporting impaired glucose tolerance in PAK1 KO 152 

mice and defects in insulin-stimulated GLUT4 translocation in skeletal muscle in vivo [7]. 153 

Therefore, we further explored the effect of PAK1 KO on insulin-stimulated glucose uptake in 154 

skeletal muscle in vivo. Additionally, we fed a subgroup of PAK1 KO and control littermate mice a 155 

60E% high-fat diet (HFD) for 21 weeks to investigate the role of PAK1 in insulin-resistant muscle. 156 

Insulin administration lowered blood glucose by 5.4±0.5 mM (-47%) in chow-fed control mice 157 

(Fig. 3A). In HFD-fed control mice, blood glucose dropped 3.0±0.9 mM (-26%) upon insulin 158 

administration (Fig. 3B). Lack of PAK1 had no impact on either basal blood glucose or whole-body 159 

insulin tolerance on either of the diets (Fig. 3A-B). Insulin increased glucose uptake in muscles 160 

from chow-fed (Gastrocnemius: 8.1-fold; Quadriceps: 8.5-fold, Triceps brachii: 12.3-fold; Soleus: 161 

8.9-fold) and HFD-fed (Gastrocnemius: 3.5-fold; Quadriceps: 1.8-fold, Triceps brachii: 4.3-fold; 162 

Soleus: 11.6-fold) control mice (Fig. 3C-D). Consistent with our findings in isolated muscle, we 163 
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observed no effect of PAK1 KO on basal or insulin-stimulated glucose uptake in vivo in muscle of 164 

either chow-fed mice or in insulin-resistant muscles from HFD-fed mice. Like glucose uptake, 2DG 165 

clearance from the plasma was unaffected by PAK1 KO in all of the investigated muscles (Fig. 166 

S1A-B). Importantly, circulating [
3
H]-2DG availability was unaffected by genotype on both of the 167 

diets (Fig. S1C). As in chow-fed mice, lack of PAK1 in HFD-fed mice had no effect on fat mass, 168 

lean body mass, body weight or energy intake (Fig. S1D-E). Similarly, whole-body glucose 169 

tolerance (Fig. S1F-G), plasma insulin concentration during the GTT (Fig. S1H) and HOMA-IR 170 

(Fig. S1I) were unaffected by PAK1 KO in HFD-fed mice. Thus, PAK1 is dispensable for in vivo 171 

insulin-stimulated muscle glucose uptake in both the healthy lean and the diet-induced insulin-172 

resistant state.  173 

Whole-body substrate utilization is unaffected by genetic ablation of PAK1 and PAK2. Because of 174 

discrepancies in the data resulting from the use of a global pharmacological inhibitor of group I 175 

PAKs and data resulting from PAK1 KO mice, we next sought to determine the relative 176 

contribution and involvement of PAK1 and PAK2 in insulin signalling and glucose uptake in 177 

skeletal muscle. Double knockout mice with whole-body knockout of PAK1 and muscle-specific 178 

knockout of PAK2 (1/m2 dKO) were generated as previously described [8]. By crossing 1/m2 dKO 179 

mice with littermate controls, a cohort was generated consisting of whole-body PAK1 KO, muscle-180 

specific PAK2 (m)KO, 1/m2 dKO and littermate control mice. While no band for PAK1 could be 181 

detected in muscles lacking PAK1, muscles lacking PAK2 displayed only a partial reduction in 182 

band intensity in the immunoblots for PAK2 (Fig. 4A). This is likely due to the fact that PAK1 KO 183 

mice are whole-body knockouts, while PAK2 mKO mice are muscle-specific and other cell types 184 

within skeletal muscle tissue could thus contribute to the signal obtained in the PAK2 immunoblots. 185 

In a previous study, PAK3 was not detectable at the protein level in 1/m2 dKO muscle [8]. 186 
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As previously shown [8,34], 1/m2 dKO mice weighed less (-12%) than control littermates (Fig. 4B, 187 

Fig. S2A-B) due to reduced (-12%) lean body mass (Fig. 4C, Fig. S2C-D). Body weight and lean 188 

body mass decreased to the same extent in 1/m2 dKO mice, leaving lean body mass percentage 189 

largely unaffected (Fig. S2E-G). Using calorimetric chambers, we monitored whole-body 190 

metabolism for 72 hours during the light and dark period. On day 2, the mice fasted during the dark 191 

period followed by refeeding on day 3. Oxygen uptake (VO2; Fig. 4D, Fig. S3A-B) and respiratory 192 

exchange ratio indicative of substrate utilization (RER; Fig. 4E, Fig. S3C-D) were largely 193 

unaffected by genotype with only a slightly higher RER in mice lacking PAK2 (PAK2 mKO and 194 

1/m2 dKO mice) upon fasting. Similar substrate utilization was obtained despite reduced habitual 195 

activity in the dark period in mice lacking PAK2, an effect largely driven by a decreased activity in 196 

d1/2KO mice and an increased activity in male PAK1 KO mice (Fig. 4F; Fig. S3E-F). Supporting 197 

the lower activity levels, energy intake was decreased (-11%) in 1/m2 dKO mice compared to 198 

PAK1 KO mice on day 1 (Fig. S3G) due to lower energy intake in the dark period (Fig. 4G). Upon 199 

refeeding, energy intake was reduced in mice lacking PAK2 (Fig. 4G; Fig. S3G) driven by a lower 200 

energy intake in the dark period in female mice lacking PAK2 (Fig. S3H-K). Altogether, these data 201 

suggest that lack of PAK1 and/or PAK2 are not compromising metabolic regulation during the 202 

light/dark period or in response to fasting/refeeding. 203 

Glucose tolerance is slightly reduced in mice lacking PAK2 in skeletal muscle. To test dependency 204 

on PAK1 and/or PAK2 in glucose handling and insulin sensitivity, we next investigated glucose and 205 

insulin tolerance in the 1/m2 dKO mouse strain. Blood glucose concentration in the fed state was 206 

similar between the genotypes (Fig. 5A, Fig. S4A-B). The blood glucose response to a glucose load 207 

was slightly increased in mice lacking PAK2 in skeletal muscle as evident by the increased area 208 

under the blood glucose curve (Fig. 5B-C). This was primarily driven by impaired glucose tolerance 209 

in female PAK2 mKO mice (Fig. S4C-F). Plasma insulin concentration during the GTT was 210 
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unaffected by lack of PAK1 (Fig. 5D) In contrast, plasma insulin in male PAK2 mKO mice was 211 

slightly elevated compared to 1/m2 dKO mice and tended (p=0.055) to be higher than control 212 

littermates (Fig. S4G-H). This indicates impaired insulin sensitivity in male PAK2 mKO mice, but 213 

HOMA-IR was unaffected by lack of PAK1 and/or PAK2 (Fig. 5E, Fig. S5A-B). In addition, even 214 

though fasted blood glucose immediately before an insulin tolerance test (ITT) was modestly 215 

reduced in PAK2 mKO mice (Fig. S5C-E), the blood glucose response to an ITT was largely 216 

unaffected by lack of either PAK1 and/or PAK2 (Fig. 5F, Fig. S5F-G). Thus, despite slightly 217 

impaired glucose tolerance in mice lacking PAK2 in skeletal muscle, neither adverse effects on 218 

plasma insulin nor defects in insulin sensitivity could be detected. 219 

Insulin-stimulated glucose uptake relies partially on PAK2 in EDL, but not soleus muscle, while 220 

PAK1 is not involved. To determine the relative contribution and involvement of PAK1 and PAK2 221 

in glucose uptake in skeletal muscle, we next investigated insulin-stimulated 2DG uptake in isolated 222 

soleus and EDL. To our surprise, soleus muscle lacking PAK1 and PAK2 displayed normal insulin-223 

stimulated 2DG uptake compared to control littermates (Fig. 6A,C). In contrast, lack of PAK2 in 224 

EDL muscle caused a modest reduction (PAK2 mKO: -18%; d1/2KO: -12%) in insulin-stimulated 225 

2DG uptake (Fig. 6B,D). Thus, in oxidative soleus muscle, group I PAKs are dispensable for 226 

normal insulin-stimulated glucose uptake, whereas in glycolytic EDL muscle PAK2 plays a minor 227 

role.  228 

PAK2 regulates TBC1D4 protein expression and signalling. Lastly, we looked into the effects of 229 

PAK1 and PAK2 on insulin-stimulated signalling. All groups displayed normal basal and insulin-230 

stimulated pAkt S473 (Fig. 7A-B, Fig. S6A-B)  and pAkt T308 (Fig. 7C-D, Fig. S6C-D) and Akt2 231 

protein expression (Fig. S6E-F) compared to control littermates in both soleus and EDL muscle. In 232 

contrast, lack of PAK2 increased protein expression of Akt’s downstream target, TBC1D4 in soleus 233 

muscle (PAK2 mKO: +47%; d1/2KO: +20%) (Fig. 7E), while reducing TBC1D4 expression in 234 
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EDL (PAK2 mKO: -33%; d1/2KO: -9%) (Fig. 7F). In soleus, basal and insulin-stimulated 235 

pTBC1D4 T642 was similar in all groups (Fig. 7G, Fig. S6G), suggesting that even with increased 236 

TBC1D4 expression, signalling through this pathway was normal. Concomitant with the decreased 237 

TBC1D4 expression in EDL muscle, lack of PAK2 reduced insulin-stimulated pTBC1D4 T642 238 

(Fig. 7H, Fig. S6H) driven by attenuated (-46%) insulin-stimulated pTBC1D4 T642 in PAK2 mKO 239 

mice compared to control littermates (Fig. S6H). Knockout of TBC1D4 has been associated with 240 

lower GLUT4 protein abundance in some muscles [35,36]. Whereas GLUT4 protein expression was 241 

normal in soleus (Fig. 7I), GLUT4 protein expression was mildly reduced in EDL in PAK2 mKO 242 

mice compared to littermate control (Fig. 7J). Thus, the slightly reduced insulin-stimulated glucose 243 

uptake in EDL muscle lacking PAK2 was concomitant with downregulated TBC1D4 signalling and 244 

GLUT4 expression supporting a role for PAK2, but not PAK1, in insulin-stimulated glucose 245 

uptake. 246 

 247 

Discussion 248 

We here undertook a systematic investigation into the requirement of the group I PAK isoforms in 249 

muscle glucose uptake and whole-body metabolic regulation. In contrast to previous literature, our 250 

results show that PAK1 is dispensable for insulin-stimulated glucose uptake in skeletal muscle, 251 

while PAK2 may play a minor role. Using a cohort of whole-body PAK1 KO mice and another 252 

cohort of transgenic mice lacking either PAK1 (whole-body), PAK2 (muscle-specific), or jointly 253 

lacking both PAK1 and muscle PAK2, we show that PAK1 is not required in insulin-stimulated 254 

muscle glucose uptake in vivo or in isolated muscles. In accordance, we found no effect of whole-255 

body PAK1 KO on glucose tolerance in either mice fed a standard chow diet (insulin sensitive 256 

mice) or in mice fed a HFD (insulin-resistant mice). In contrast, PAK2 seemed partially involved in 257 
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insulin-stimulated glucose uptake in EDL muscle. This could potentially explain the slightly 258 

impaired glucose tolerance with the muscle-specific knockout of PAK2 in mice. Nevertheless, 259 

supporting only a minor role for skeletal muscle PAK2 in the whole-body substrate utilization, RER 260 

was largely unaffected by lack of PAK1 and/or PAK2 and only slightly elevated in mice lacking 261 

PAK2 when challenged by fasting. 262 

In a previous study, the increase in GLUT4 abundance at the plasma membrane in response to 263 

insulin measured was completely abrogated in PAK1 KO muscle as measured by subcellular 264 

fractionation of homogenates of hindlimb skeletal muscles [7], suggesting that PAK1 is necessary 265 

for insulin-stimulated GLUT4 translocation. Although glucose uptake was not assessed in that study 266 

[7], this indicated a key role for PAK1 in regulating glucose uptake in mouse skeletal muscle. 267 

Surprisingly, PAK1 was not required for insulin-stimulated glucose uptake in our hands. 268 

Furthermore, in our study, both chow- and HFD-fed PAK1 KO mice displayed blood glucose 269 

concentrations similar to control littermates during a GTT. This was in contrast to previous studies 270 

reporting impaired glucose tolerance in chow-fed PAK1 KO mice [7,24] and elevated fasting blood 271 

glucose in PAK1 KO mice fed a western diet (45E% fat)  [33]. Instead, despite the previous finding 272 

that insulin-stimulated GLUT4 translocation was unaffected by a 75% knockdown of PAK2 in L6-273 

GLUT4myc myoblasts [6], we found that muscle-specific PAK2 KO slightly impaired glucose 274 

tolerance and insulin-stimulated glucose in mouse skeletal muscle. These discrepancies between our 275 

and previous findings are difficult to delineate but might be due to methodological differences. 276 

Wang et al. [7] used a crude fractionation method to measure GLUT4 translocation, whereas we 277 

analyzed the direct outcome hereof: glucose uptake. Although the insulin-induced increase in 3-O-278 

methylglucose transport correlates with the increase in cell surface GLUT4 protein content in 279 

human skeletal muscle strips [40], discrepancies between the presence of GLUT4 at the plasma 280 

membrane and glucose uptake have occasionally been reported in cell culture studies [37–39]. 281 
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Another potential explanatory factor could be that our studies were conducted in both female and 282 

male mice, whereas past studies in PAK1 KO mice have been conducted in 4-6 months old male 283 

mice [7,33]. However, our data suggest no major differences between female and male mice in the 284 

response to lack of PAK1 and/or PAK2 on the whole-body metabolic parameters measured. Instead, 285 

the discrepancies between our and previous findings could be due to an effect of age, as our studies 286 

were conducted in mice at different ranges of age (10-37 of weeks age at the terminal experiment). 287 

In fact, age-dependent myopathy and development of megaconial mitochondria have been reported 288 

in the 1/m2 dKO mice [34]. Regardless, even though a role for group I PAKs in age-related insulin 289 

resistance should be further investigated, our investigation suggests that group I PAKs are 290 

dispensable in regulating whole-body glucose homeostasis or insulin-stimulated glucose uptake in 291 

skeletal muscle.  292 

In the current study, pharmacological inhibition of group I PAKs inhibited muscle glucose uptake in 293 

response to insulin. Similarly, IPA-3 previously inhibited insulin-stimulated GLUT4 translocation 294 

and glucose uptake in L6-GLUT4myc myoblasts and myotubes, respectively [6]. IPA-3 is a non-295 

ATP-competitive allosteric inhibitor of all group I PAKs (PAK1, 2, and 3). IPA-3 binds covalently 296 

to the regulatory CRIB domain of group I PAKs, thereby preventing binding to PAK activators, 297 

such as Rac1 [31]. Although IPA-3 is reported to be a highly selective and well-described inhibitor 298 

of group I PAKs that does not affect other groups of PAKs or similar kinases tested [31], 299 

pharmacological inhibitors often have off-target effects [32] which is a concern. It is also possible 300 

that acute IPA-3-induced inhibition of group I PAKs elicits more potent effects compared with 301 

jointly knockout of PAK1 and PAK2 because the transgenic manipulations have been present from 302 

birth and may thus have resulted in compensatory changes. The development of inducible muscle-303 

specific group I PAK deficient models could help clarify this. Importantly, any possible 304 

compensatory mechanisms cannot be via redundancy with group I PAKs, as PAK1 and PAK2 are 305 
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removed genetically, and even in 1/m2 dKO mice, PAK3 cannot be detected at the protein level [8]. 306 

This emphasizes that group I PAKs are largely dispensable for insulin-stimulated glucose uptake in 307 

skeletal muscle. 308 

Our hypothesis was that group I PAKs would be significantly involved in insulin-stimulated 309 

glucose uptake because of the established necessity of their upstream activator, Rac1 [12–17]. Our 310 

findings suggest that Rac1 does not exclusively mediate insulin-stimulated glucose uptake through 311 

group I PAKs. Another downstream target of Rac1 is RalA. GLUT4 translocation induced by a 312 

constitutively activated Rac1 mutant was abrogated in L6-GLUT4myc myoblasts upon RalA 313 

knockdown [41] and, importantly, overexpression of a dominant-negative mutant of RalA reduced 314 

GLUT4 translocation in response to insulin in mouse gastrocnemius muscle fibres [42]. 315 

Additionally, Rac1 is an essential component in the activation of the NADPH oxidase (NOX) 316 

complex [43,44]. In L6-GLUT4myc myotubes, reactive oxygen species have been reported to 317 

induce NOX2-dependent GLUT4 translocation in response to insulin [45]. Insulin-stimulated 318 

NOX2 regulation in mature muscle remains to be investigated. However, a recent study suggested a 319 

role for Rac1 in the regulation of muscle glucose uptake through activation of the NOX2 in 320 

response to exercise [46]. Since Rac1 is required for both contraction- and insulin-stimulated 321 

glucose uptake in isolated mouse muscle [15,47], Rac1 could also be involved in insulin-stimulated 322 

glucose uptake via NOX2 activation. Consequently, future studies should aim to investigate other 323 

players downstream of Rac1 since group I PAKs seem to be largely dispensable for glucose uptake 324 

in mature skeletal muscle.   325 

Based on our present findings, we conclude that even though PAK2 may be a minor requirement for 326 

insulin-stimulated glucose uptake in EDL muscle, group I PAKs are largely dispensable in the 327 

regulation of whole-body glucose homeostasis and insulin-stimulated glucose uptake in mouse 328 

skeletal muscle. 329 
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 330 

Materials and Methods 331 

Animal experiments. Female C57BL/6J mice (Taconic, Denmark) were used for all inhibitor 332 

incubation studies. Mice received standard rodent chow diet (Altromin no. 1324; Brogaarden, 333 

Denmark) and water ad libitum. 334 

Whole-body PAK1
-/-

 mice. Whole-body PAK1
-/-

 mice on a C57BL/6J background were generated as 335 

previously described [48]. The mice were obtained by heterozygous crossing. PAK1
-/-

 mice 336 

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

 mice (referred to as controls) were used for 337 

experiments. Female and male mice were used for measurements of body composition, glucose 338 

tolerance and insulin-stimulated glucose uptake in isolated muscle. The mice were 12-24 weeks of 339 

age at the time of tissue dissection and measurement of glucose uptake.  Number of mice in each 340 

group: Control, n = 6/7 (female/male); PAK1 KO, n = 4/8. Mice received standard rodent chow 341 

diet and water ad libitum. 342 

For measurement of in vivo insulin-stimulated glucose uptake in chow- and 60E% HFD (no. 343 

D12492; Brogaarden, Denmark)-fed PAK1 KO mice, mice were assigned to a chow or HFD group. 344 

Chow-fed mice were 10-24 weeks of age at the time of glucose uptake measurements and tissue 345 

dissection. Number of mice in each group: Control-Chow, n = 14/8 (female/male); PAK1 KO-346 

Chow, n = 6/4. For mice receiving HFD, the diet intervention started at 6-16 weeks of age and 347 

lasted for 21 weeks. HFD-fed mice were used for body composition, glucose tolerance and in vivo 348 

glucose uptake and were 27-37 weeks of age at the time of glucose uptake measurements and tissue 349 

dissection. Number of mice in each group: Control-HFD, n = 7/7 (female/male); PAK1 KO-HFD, n 350 

= 11/5. Energy intake was measured over a period of 10 weeks in another cohort of mice. Number 351 
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of mice in each group: Chow, n = 8/8 (Control/PAK1 KO); HFD, n = 8/8. Mice had access to their 352 

respective diet and water ad libitum. 353 

Double PAK1
-/-

;PAK2
fl/fl

;MyoD
iCre/+

 mice. Double knockout mice with whole-body knockout of 354 

PAK1 and conditional, muscle-specific knockout of PAK2, PAK1
-/-

;PAK2
fl/fl

;MyoD
iCre/+

 were 355 

generated as previously described [8]. The mice were on a mixed C57BL/6/FVB background. 356 

PAK1
-/-

;PAK2
fl/fl

;MyoD
iCre/+

 were crossed with PAK1
+/-

;PAK2
fl/fl

;MyoD
+/+

 to generate littermate 357 

PAK1
-/-

;PAK2
fl/fl

;MyoD
iCre/+

 (referred to as 1/m2 dKO), PAK1
-/-

;PAK2
fl/fl

;MyoD
+/+

 (referred to as 358 

PAK1 KO), PAK1
+/-

;PAK2
fl/fl

;MyoD
iCre/+

 (referred to as PAK2 mKO), and PAK1
+/-

359 

;PAK2
fl/fl

;MyoD
+/+

 (referred to as controls) used for experiments. Female and male mice were used 360 

for measurement of insulin-stimulated glucose uptake in isolated muscle. The mice were 10-16 361 

weeks of age at the time of tissue dissection and glucose uptake measurements. Number of mice in 362 

each group: Control, n = 6/4 (female/male); PAK1 KO, n = 5/4, PAK2 mKO, n = 6/4, d1/2KO, n = 363 

6/3. Another cohort of mice was used for whole-body metabolic measurements. The first 364 

measurement (insulin tolerance) was at 11-24 weeks of age and the last measurement was at 23-33 365 

weeks of age (home cage calorimetry). Number of mice in each group: Control, n = 9/11 366 

(female/male); PAK1 KO, n = 8/10, PAK2 mKO, n = 12/9, d1/2KO, n = 9/14. For some of the 367 

metabolic measurements, only a subgroup of mice was used as indicated in the relevant figure 368 

legends. Mice received standard rodent chow diet and water ad libitum. 369 

All animals were maintained on a 12:12-hour light-dark cycle and housed at 22°C (with allowed 370 

fluctuation of ±2°C) with nesting material. The mice were group-housed. All animal experiments 371 

complied with the European Convention for the protection of vertebrate animals used for 372 

experimental and other scientific purposes (No. 123, Strasbourg, France, 1985) and were approved 373 

by the Danish Animal Experimental Inspectorate. 374 
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Body composition. Body composition was analyzed using magnetic resonance imaging (EchoMRI-375 

4in1TM, Echo Medical System LLC, Texas, USA). Chow-fed PAK1 KO and control littermates 376 

were assessed at 7-19 weeks of age. HFD-fed PAK1 KO and control littermates were assessed 18-377 

19 weeks into the diet intervention (24-34 weeks of age). Chow-fed PAK1 KO, PAK2 mKO, 1/m2 378 

dKO mice and control littermates were assessed at 16-29 weeks of age. 379 

Glucose tolerance test (GTT). Prior to the test, chow- and HFD-fed PAK1 KO mice and control 380 

littermates fasted for 12 hours from 10 p.m, while chow-fed PAK1 KO, PAK2 mKO, 1/m2 dKO 381 

mice and control littermates fasted for 6 hours from 6 a.m. D-mono-glucose (2 g kg
-1

 body weight) 382 

was administered intraperitoneal (i.p) and blood was collected from the tail vein and blood glucose 383 

concentration determined at the indicated time points using a glucometer (Bayer Contour, Bayer, 384 

Switzerland). Incremental Area Under the Curve (AUC) from the basal blood glucose concentration 385 

was determined using the trapezoid rule. For measurement of plasma insulin, glucose was 386 

administered i.p. on a separate experimental day (1-2 weeks after the GTT) and blood was sampled 387 

at time points 0 and 20 minutes, centrifuged and plasma was quickly frozen in liquid nitrogen and 388 

stored at -20°C until processing. Plasma insulin was analyzed in duplicate (Mouse Ultrasensitive 389 

Insulin ELISA, #80-INSTRU-E10, ALPCO Diagnostics, USA). Homeostatic model assessment of 390 

insulin resistance (HOMA-IR) was calculated according to the formula: Fasting plasma insulin (mU 391 

L
-1

) X Fasting blood glucose (mM)/22.5. Glucose tolerance was assessed in 8-20 weeks of age 392 

chow-fed PAK1 KO mice and in week 14 of the diet intervention of HFD-fed PAK1 KO mice (20-393 

30 weeks of age). In chow-fed PAK1 KO, PAK2 mKO, 1/m2 dKO mice and control littermates, 394 

glucose tolerance was assessed at 13-26 weeks of age. 395 

Insulin tolerance test (ITT). Prior to the test, chow-fed PAK1 KO, PAK2 mKO, 1/m2 dKO mice 396 

and control littermates fasted for 4 hours from 6 a.m. Insulin (0.5 U kg
-1

 body weight) was 397 

administered i.p. and blood was collected from the tail vein and blood glucose concentration 398 
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determined using a glucometer (Bayer Contour, Bayer, Switzerland) at time point 0, 15, 30, 60, 90 399 

and 120 minutes. For two female control mice and four female PAK2 mKO mice, the ITT had to be 400 

stopped before the 120’-time point due to hypoglycemia (blood glucose <1.2 mM). Thus, blood 401 

glucose was not measured in these mice for the last couple of time points. Insulin tolerance was 402 

assessed in 11-24 weeks of age chow-fed PAK1 KO, PAK2 mKO, 1/m2 dKO mice and control 403 

littermates. 404 

Home cage indirect calorimetry. One week prior to the calorimetric measurements, chow-fed 405 

PAK1 KO, PAK2 mKO, 1/m2 dKO mice and control littermates were single-housed in specialized 406 

cages for indirect gas calorimetry but uncoupled from the PhenoMaster indirect calorimetry system 407 

(TSE PhenoMaster metabolic cage systems, TSE Systems, Germany). After a 2-day acclimation 408 

period coupled to the PhenoMaster indirect calorimetry system, oxygen consumption, CO2 409 

production, habitual activity (beam breaks) and food intake were measured for 72 hours (TSE 410 

LabMaster V5.5.3, TSE Systems, Germany). On day 2, mice fasted during the dark period followed 411 

by refeeding on day 3. Respiratory exchange ratio (RER) was calculated as the ratio between CO2 412 

production and oxygen consumption. The mice were 23-33 weeks of age. 413 

Incubation of isolated muscles. Soleus and EDL muscles were dissected from anaesthetized mice 414 

(6 mg pentobarbital sodium 100 g
-1

 body weight i.p.) and suspended at resting tension (4-5 mN) in 415 

incubations chambers (Multi Myograph System, Danish Myo Technology, Denmark) in Krebs-416 

Ringer-Henseleit buffer with 2 mM pyruvate and 8 mM mannitol at 30°C, as described previously 417 

[49]. Additionally, the Krebs-Ringer-Henseleit buffer was supplemented with 0.1% BSA (v/v). 418 

Isolated muscles from female C57BL/6J mice were pre-incubated with 40 µM IPA-3 (Sigma-419 

Aldrich) or as a control DMSO (0.25%) for 25 minutes followed by 30 minutes of insulin 420 

stimulation (60 nM; Actrapid, Novo Nordisk, Denmark). Isolated muscles from chow-PAK1 KO 421 

were pre-incubated for 30 minutes followed by 30 minutes of insulin stimulation (0.6 nm or 60 422 
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nM). Isolated muscles from chow-fed PAK1 KO, PAK2 mKO, 1/m2 dKO mice or control 423 

littermates were pre-incubated for 20 minutes followed by 20 minutes of insulin stimulation (60 424 

nM). 2DG uptake was measured together with 1 mM 2DG during the last 10 min of the insulin 425 

stimulation period using 0.6 µCi mL
-1

 [
3
H]-2DG and 0.180 µCi mL

-1
 [

14
C]-mannitol radioactive 426 

tracers as described previously [49]. Tissue-specific [
3
H]-2DG accumulation with [

14
C]-mannitol as 427 

an extracellular marker was determined as previously described [50]. 428 

In vivo insulin-stimulated 2-Deoxyglucose uptake in PAK1 KO mice during a r.o. ITT. To 429 

determine 2DG uptake in skeletal muscle of PAK1 KO mice and littermate controls, [
3
H]-2DG 430 

(Perkin Elmer) was administered retro-orbitally (r.o.) in a bolus of saline containing 66.7 μCi mL
-1

 431 

[
3
H]-2DG (~32.4 Ci/mmol) corresponding to ∼10 μCi/mouse in chow-fed mice or  ∼15 μCi/mouse 432 

in HFD-fed mice (6 μL g
-1

 body weight) as described [17]. The [
3
H]-2DG saline bolus was with or 433 

without insulin (Actrapid, Novo Nordisk, Denmark). Decreased insulin clearance has been observed 434 

by us [17] and others in obese rodent [51,52] and human [53] models. Therefore, to correct for 435 

changes in insulin clearance, 0.5 U kg
-1

 body weight of insulin was administered in chow-fed mice 436 

whereas only 60% of this dosage was administered to HFD-fed mice. Prior to stimulation, mice 437 

fasted for 4 hours from 07:00 and were anaesthetized (7.5/9 mg [Chow/HFD] pentobarbital sodium 438 

100 g
-1

 body weight i.p.) 15 minutes before the r.o. injection. Blood samples were collected from 439 

the tail vein after the r.o. injection and analyzed for glucose concentration using a glucometer 440 

(Bayer Contour, Bayer, Switzerland) at the time points 0, 5 and 10 minutes. After 10 minutes, 441 

skeletal muscle (gastrocnemius, quadriceps, triceps brachii and soleus) were excised, rinsed in 442 

saline, and quickly frozen in liquid nitrogen and stored at -80°C until processing. Blood was 443 

collected by punctuation of the heart, centrifuged and plasma was quickly frozen in liquid nitrogen 444 

and stored at -80°C until processing. Plasma samples were analyzed for insulin concentration and 445 

specific [
3
H]-2DG activity. Plasma insulin was analyzed in duplicate (Mouse Ultrasensitive Insulin 446 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 19, 2019. ; https://doi.org/10.1101/543736doi: bioRxiv preprint 

https://doi.org/10.1101/543736
http://creativecommons.org/licenses/by-nc-nd/4.0/


ELISA, #80-INSTRU-E10, ALPCO Diagnostics, USA). Tissue-specific 2DG-6-phosphate 447 

accumulation was measured as described [54,55]. To determine 2DG clearance from the plasma 448 

into the specific tissue, tissue-specific [
3
H]-2DG-6-P was divided by AUC of the plasma-specific 449 

[
3
H]-2DG activity at the time points 0 and 10 minutes. To estimate tissue-specific glucose uptake 450 

(glucose uptake index), clearance was multiplied by the average blood glucose levels for the time 451 

points 0, 5, and 10 minutes. Tissue-specific 2DG clearance and glucose uptake were related to 452 

analyzed muscle tissue weight and time. 453 

Muscle analyses. Prior to homogenization, gastrocnemius, quadriceps, and triceps brachii muscles 454 

were pulverized in liquid nitrogen. All muscle were homogenized 2 x 30 sec at 30 Hz using a 455 

Tissuelyser II (Qiagen, USA) in ice-cold homogenization buffer (10% (v/v) Glycerol, 1% (v/v) NP-456 

40, 20 mM Na-pyrophosphate, 150 mM NaCl, 50 mM HEPES (pH 7.5), 20 mM β-457 

glycerophosphate, 10 mM NaF, 2mM PMSF, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 2 mM 458 

Na3VO4, 10 µg mL
-1

 Leupeptin, 10 µg mL
-1

 Aprotinin, 3 mM Benzamidine). After rotation end-459 

over-end for 30 min at 4°C, lysate supernatants were collected by centrifugation (10,854-15,630 x 460 

g) for 15-20 min at 4°C. 461 

Immunoblotting. Lysate protein concentration was determined using the bicinchoninic acid (BCA) 462 

method using BSA standards and BCA assay reagents (Pierce). Immunoblotting samples were 463 

prepared in 6x sample buffer (340 mM Tris (pH 6.8), 225 mM DTT, 11% (w/v) SDS, 20% (v/v) 464 

Glycerol, 0.05% (w/v) Bromphenol blue). Protein phosphorylation (p) and total protein expression 465 

were determined by standard immunoblotting technique loading equal amounts of protein. The 466 

polyvinylidene difluoride membrane (Immobilon Transfer Membrane; Millipore) was blocked in 467 

Tris-Buffered Saline with added Tween20 (TBST) and 2% (w/v) skim milk or 5% (w/v) BSA 468 

protein for 15 minutes at room temperature, followed by incubation overnight at 4°C with a primary 469 

antibody (Table 1). Next, the membrane was incubated with horseradish peroxidase-conjugated 470 
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secondary antibody (Jackson Immuno Research) for 1 hour at room temperature. Bands were 471 

visualized using Bio-Rad ChemiDocTM MP Imaging System and enhanced chemiluminescence 472 

(ECL+; Amersham Biosciences). Densitometric analysis was performed using Image LabTM 473 

Software, version 4.0 (Bio-Rad, USA). Coomassie brilliant blue staining was used as a loading 474 

control [56]. 475 

Statistical analyses. Data are presented as mean ± S.E.M. or when applicable mean ± S.E.M. with 476 

individual data points shown. Statistical tests varied according to the dataset being analyzed and the 477 

specific tests used are indicated in the figure legends. If the null hypothesis was rejected, Tukey’s 478 

post hoc test was used to evaluate significant main effects of genotype and significant interactions 479 

in ANOVAs. P < 0.05 was considered statistically significant. P<0.1 was considered a tendency. 480 

Except for mixed-effects model analyses performed in GraphPad Prism, version 8.2.1.  (GraphPad 481 

Software, La Jolla, CA, USA), all statistical analyses were performed using Sigma Plot, version 13 482 

(Systat Software Inc., Chicago, IL, USA). Due to missing values ascribed to hypoglycemia, 483 

differences between genotypes and the effect of insulin administration were assessed with a mixed-484 

effects model analysis in Fig. 5F and S5F. 485 
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Figure Legends 

Figure 1: Insulin-stimulated glucose uptake is reduced in IPA-3-treated mouse soleus muscle. 

(A-B) Insulin-stimulated (60 nM) 2-Deoxyglucose (2DG) uptake in isolated soleus (A) and extensor 

digitorum longus (EDL, B) muscle ± 40 µM IPA-3 or as a control DMSO (0.25%). Isolated 

muscles were pre-incubated for 25 minutes followed by 30 minutes of insulin stimulation with 2DG 

uptake analyzed for the final 10 minutes of stimulation. (C-H) Quantification of phosphorylated 

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

F, and H) muscle ± 40 µM IPA-3 or as a control DMSO (0.25%). Some of the data points were 

excluded due to the quality of the immunoblot, and the number of determinations was n = 8/7 for 

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

T308, and pAkt S473 in soleus (I) and EDL (J) muscle. Statistics were evaluated with a two-way 

repeated measures (RM) ANOVA. Main effects are indicated in the panels. Interactions in two-way 

RM ANOVA were evaluated by Tukey’s post hoc test: Insulin stimulation vs. basal **/*** 

(p<0.01/0.001); IPA-3 vs. DMSO (#)/#/##/### (p<0.1/0.05/0.01/0.001). Unless otherwise stated 

previously in the figure legend, the number of determinations in each group: Soleus, n = 9/8 

(DMSO/IPA-3); EDL, n = 9/8. Data are presented as mean ± S.E.M. with individual data points 

shown. Paired data points are connected with a straight line. A.U., arbitrary units. 

Figure 2: PAK1 knockout does not affect whole-body glucose homeostasis or insulin-

stimulated glucose uptake in isolated skeletal muscle. (A) Representative blots showing PAK1 

protein expression in gastrocnemius, quadriceps, and triceps brachii muscle from PAK1 knockout 

(KO) mice or control littermates. (B) Body composition (FM: Fat mass; LBM: Lean body mass; 

BW: Body weight) in gram in chow-fed PAK1 KO mice (n = 12) or control littermates (n = 13). 

The mice were 7-19 weeks of age. Statistics were evaluated with a Student’s t-test. (C) Energy 

intake in chow-fed PAK1 KO mice (n = 8) or control littermates (n = 8). Energy intake was 
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monitored in a separate cohort of mice. Statistics were evaluated with a Student’s t-test. (D) Blood 

glucose levels during a glucose tolerance test (GTT) in chow-fed PAK1 KO mice (n = 9) or control 

littermates (n = 10). The mice were 8-20 weeks of age. Statistics were evaluated with a two-way 

repeated measures (RM) ANOVA. (E) Incremental Area Under the Curve (AUC) for blood glucose 

levels during the GTT in panel D. Statistics were evaluated with a Student’s t-test. (F) Plasma 

insulin values during a GTT in chow-fed PAK1 KO mice (n = 10) or control littermates (n = 13). 

The mice were 9-21 weeks of age. Statistics were evaluated with a two-way RM measures 

ANOVA. (G) Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) in chow-fed 

PAK1 KO mice (n=10) or control littermates (n=13). Statistics were evaluated with a Student’s t-

test. (H-I) Submaximal (0.6 nM) and maximal (60 nM) insulin-stimulated 2-Deoxyglucose (2DG) 

uptake in isolated soleus (H) and extensor digitorum longus (EDL; I) muscle from PAK1 KO mice 

or littermate controls. Isolated muscles were pre-incubated for 30 minutes followed by 30 minutes 

of insulin stimulation with 2DG uptake analyzed for the final 10 minutes of stimulation. The mice 

were 12-24 weeks of age. The number of determinations in each group: Soleus-Control, n = 6/7 

(Submax/max); Soleus-PAK1 KO, n = 7/7; EDL-Control, n = 6/6; EDL-PAK1 KO, n = 7/7. 

Statistics were evaluated with two two-way RM measures ANOVA. Main effects are indicated in 

the panels. Data are presented as mean ± S.E.M. or when applicable mean ± S.E.M. with individual 

data points shown. Paired data points are connected with a straight line. 

Figure 3: PAK1 is dispensable for in vivo insulin-stimulated glucose uptake in mouse skeletal 

muscle. (A-B) Blood glucose levels during a retro-orbital insulin tolerance test (r.o. ITT) in chow- 

(A) and HFD-fed (B) PAK1 knockout (KO) mice or control littermates. Chow-fed mice were 

investigated at 10-24 weeks of age. Mice fed a 60E% high-fat diet (HFD) for 21 weeks were 

investigated at 27-37 weeks of age. The number of mice in each group: Chow, n = 12/6 

(Control/PAK1 KO); HFD, n = 10/11. Statistics were evaluated with a two-way repeated measures 
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ANOVA. (C-D) Insulin-stimulated (Chow: 0.5 U kg
-1

 body weight; HFD: 60% of insulin 

administered to chow-fed mice) glucose uptake index in gastrocnemius (Gast), quadriceps (Quad), 

triceps brachii (Triceps) and soleus muscle from chow- (C) and HFD-fed (D) PAK1 KO mice or 

control littermates. The number of mice in each group: Chow-Saline, n = 12/4 (Control/PAK1 KO); 

Chow-Insulin, n = 12/6; HFD-Saline, n = 6/6; HFD-Insulin, n = 10/11. Statistics were evaluated 

with a two-way ANOVA for each of the muscles. Main effects are indicated in the panels. Data are 

presented as mean ± S.E.M. or when applicable mean ± S.E.M. with individual data points shown. 

Figure 4: Whole-body energy utilization is unaffected by whole-body genetic ablation of 

PAK1 and muscle-specific genetic ablation of PAK2. (A) Representative blots showing 

PAK1and PAK2 protein expression in soleus and extensor digitorum longus (EDL) muscle from 

chow-fed whole-body PAK1 knockout (KO), muscle-specific PAK2 (m)KO, PAK1/2 double KO 

(d1/2KO) mice or control littermates. (B) Body weight of chow-fed PAK1 KO (n = 18), PAK2 

mKO (n = 21), 1/m2 dKO mice (n = 23) or control littermates (n = 20). The mice were 16-29 

weeks of age. Statistics were evaluated with a two-way ANOVA to test the factors ‘PAK1’ 

(PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing 

the relative contribution of PAK1 and PAK2, respectively. Differences between genotypes were 

evaluated with one-way ANOVA. (C) Body composition (FM: Fat mass; LBM: Lean body mass) in 

gram in chow-fed PAK1 KO (n = 18), PAK2 mKO (n = 21), 1/m2 dKO mice (n = 23) or control 

littermates (n = 20). Statistics were evaluated with a two-way ANOVA to test the factors ‘PAK1’ 

(PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing 

the relative contribution of PAK1 and PAK2, respectively. Differences between genotypes were 

evaluated with a one-way ANOVA. (D-G) Oxygen uptake (VO2; D), respiratory exchange ratio 

(RER; E), activity (beam breaks; F), and energy intake (G), in chow-fed PAK1 KO (n = 11), PAK2 

mKO (n = 11), 1/m2 dKO mice (n = 13) or control littermates (n = 8; for energy intake, n = 7) 
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during the light and dark period recorded over a period of 72 hours. On day 2, the mice were fasted 

during the dark period and then refed on day 3. The mice were 23-33 weeks of age. Statistics were 

evaluated with two two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and 

‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) in the light and dark period of day 1, 

respectively. Statistics for day 2 and 3 were evaluated similarly thereby assessing the relative 

contribution of PAK1 and PAK2. Differences between genotypes and the effect of the light and 

dark period were assessed with three two-way repeated measures (RM) ANOVA to test the factors 

‘Genotype’ (Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 dKO) and ‘Period’ (Light vs. Dark) at 

day 1, 2 and 3, respectively. Main effects are indicated in the panels. Significant one-way ANOVA 

and interactions in two-way (RM when applicable) ANOVA were evaluated by Tukey’s post hoc 

test: Light vs. dark period */**/*** (p<0.05/0.01/0.001); Control vs. 1/m2 dKO †/††† 

(p<0.05/0.001); PAK1 KO vs. 1/m2 dKO ‡/‡‡/‡‡‡ (p<0.05/0.01/0.001); PAK2 mKO vs. 1/m2 dKO 

($)/$/$$ (p<0.1/0.05/0.01). Data are presented as mean ± S.E.M. or when applicable mean 

± S.E.M. with individual data points shown. 

Figure 5: Mice lacking PAK2 in skeletal muscle are slightly glucose intolerant. (A) Blood 

glucose concentration in the fed state (8 a.m.) in chow-fed whole-body PAK1 knockout (KO) (n = 

18), muscle-specific PAK2 (m)KO (n = 21), PAK1/2 double KO (d1/2KO) mice (n = 23) or control 

littermates (n = 20). The mice were 17-30 weeks of age. Statistics were evaluated with a two-way 

ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. 

PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 and PAK2, respectively. 

Differences between genotypes were evaluated with a one-way ANOVA. (B) Blood glucose levels 

during a glucose tolerance test (GTT) in chow-fed PAK1 KO (n = 18), PAK2 mKO (n = 19), 1/m2 

dKO mice (n = 21) or control littermates (n = 19). The mice were 13-26 weeks of age. Statistics 

were evaluated with six two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and 
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‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at time point 0, 15, 30, 60, 90 and 120, 

respectively, thereby assessing the relative contribution of PAK1 and PAK2. Differences between 

genotypes and the effect of glucose administration were assessed with a two-way repeated measures 

(RM) ANOVA to test the factors ‘Genotype’ (Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 

dKO) and ‘Time’ (0 vs. 15 vs. 30 vs. 60 vs. 90 vs. 120). (C) Incremental Area Under the Curve 

(AUC) for blood glucose levels during the GTT in panel B.  Statistics were evaluated with a two-

way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. 

PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 and PAK2, respectively. 

Differences between genotypes were evaluated with one-way ANOVA. (D) Plasma insulin values 

during a GTT in chow-fed PAK1 KO (n = 17), PAK2 mKO (n = 19), 1/m2 dKO mice (n = 22) or 

control littermates (n = 19). The mice were 15-28 weeks of age. Statistics were evaluated with two 

two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ 

(PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at time point 0 and 20, respectively, thereby assessing 

the relative contribution of PAK1 and PAK2. Differences between genotypes and the effect of 

glucose administration were assessed with a two-way RM ANOVA to test the factors ‘Genotype’ 

(Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 dKO) and ‘Time’ (0 vs. 20). (E) Homeostatic 

Model Assessment of Insulin Resistance (HOMA-IR) in chow-fed PAK1 KO (n = 18), PAK2 mKO 

(n = 19), 1/m2 dKO mice (n = 22) or control littermates (n = 20). Statistics were evaluated with a 

two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 

vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 and PAK2, 

respectively. Differences between genotypes were evaluated with a one-way ANOVA. (F) Blood 

glucose levels related to the basal concentration during an insulin tolerance test (ITT) in chow-fed 

PAK1 KO (n = 15), PAK2 mKO (n = 18), 1/m2 dKO mice (n = 21) or control littermates (n = 19). 

The mice were 11-24 weeks of age. For two female control mice and four female PAK2 mKO mice, 
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the ITT had to be stopped before the 120’-time point due to hypoglycemia (blood glucose <1.2 

mM), and thus blood glucose was not determined for these mice for the last couple of time points. 

Statistics were evaluated with five two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. 

PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at time point 15, 30, 60, 90 and 

120, respectively, thereby assessing the relative contribution of PAK1 and PAK2. Differences 

between genotypes and the effect of insulin administration were assessed with a mixed-effects 

model analysis to test the factors ‘Genotype’ (Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 

dKO) and ‘Time’ (0 vs. 15 vs. 30 vs. 60 vs. 90 vs. 120). Main effects are indicated in the panels. 

Significant one-way ANOVA and interactions in two-way (RM when applicable) ANOVA were 

evaluated by Tukey’s post hoc test: Effect of glucose/insulin administration vs. time point 0’ */*** 

(p<0.05/0.001). Data are presented as mean ± S.E.M. or when applicable mean ± S.E.M. with 

individual data points shown. Paired data points are connected with a straight line. 

Figure 6: Muscle-specific PAK2 knockout, but not knockout of PAK1, partly reduces glucose 

uptake in EDL muscle. (A-B) Insulin-stimulated (60 nM) 2-Deoxyglucose (2DG) uptake in 

isolated soleus (A) and extensor digitorum longus (EDL; B) muscle from whole-body PAK1 

knockout (KO), muscle-specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) mice or control 

littermates. Isolated muscles were pre-incubated for 20 minutes followed by 20 minutes of insulin 

stimulation with 2DG uptake analyzed for the final 10 minutes of stimulation. The mice were 10-16 

weeks of age. Statistics were evaluated with two two-way ANOVAs to test the factors ‘PAK1’ 

(PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) in basal and 

insulin-stimulated samples, respectively, thereby assessing the relative contribution of PAK1 and 

PAK2. Differences between genotypes and the effect of insulin stimulation were assessed with a 

two-way repeated measures (RM) ANOVA to test the factors ‘Genotype’ (Control vs. PAK1 KO 

vs. PAK2 mKO vs. 1/m2 dKO) and ‘Stimuli’ (Basal vs. Insulin). (C-D) Δ2DG uptake in soleus (C) 
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and EDL (D) muscle from panel C-D. Statistics were evaluated with a two-way ANOVA to test the 

factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) to 

assess of the relative contribution of PAK1 and PAK2, respectively. Differences between genotypes 

were evaluated with a one-way ANOVA. 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. Main effects 

are indicated in the panels. Significant one-way ANOVA and interactions in two-way (RM when 

applicable) ANOVA were evaluated by Tukey’s post hoc test: Insulin-stimulation vs. basal control 

*** (p<0.001); Control vs. PAK2 mKO £ (p<0.05); PAK1 KO vs. PAK2 mKO § (p<0.05). Data are 

presented as mean ± S.E.M. with individual data points shown. Paired data points are connected 

with a straight line. 

Figure 7: Lack of PAK2 affects TBC1D4 protein expression and signalling. (A-J) 

Quantification of phosphorylated (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 (EDL; B, D, F, H, and J) muscle from whole-body PAK1 knockout (KO), muscle-

specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) mice or control littermates. The mice were 

10-16 weeks of age. Total protein expression is an average of the paired basal and insulin-

stimulated sample. Some of the data points were excluded due to the quality of the immunoblot, so 

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. Statistics for 

phosphorylated proteins were evaluated with a two two-way ANOVAs to test the factors ‘PAK1’ 

(PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) in basal and 

insulin-stimulated samples, respectively, thereby assessing the relative contribution of PAK1 and 
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PAK2. Differences between genotypes and the effect of insulin stimulation were assessed with a 

two-way repeated measures (RM) ANOVA to test the factors ‘Genotype’ (Control vs. PAK1 KO 

vs. PAK2 mKO vs. 1/m2 dKO) and ‘Stimuli’ (Basal vs. Insulin). Statistics for total protein 

expression were evaluated with a two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-

/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative 

contribution of PAK1 and PAK2, respectively. Differences between genotypes were evaluated with 

a one-way ANOVA. Main effects are indicated in the panels. Significant one-way ANOVA and 

interactions in two-way (RM when applicable) ANOVA were evaluated by Tukey’s post hoc test: 

Control vs. PAK2 mKO £ (p<0.05). Unless otherwise stated previously 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 

data points shown. Paired data points are connected with a straight line. A.U., arbitrary units. 

 

Supplementary figures 

Figure S1: (A-B) Insulin-stimulated (Chow: 0.5 U kg
-1

 body weight; HFD: 60% of insulin 

administered to chow-fed mice) 2-Deoxyglucose (2DG) clearance in gastrocnemius (Gast), 

quadriceps (Quad), triceps brachii (Triceps) and soleus muscle from chow- (A) and 60E% high-fat 

diet (HFD)-fed (B) PAK1 knockout (KO) mice or control littermates. The number of mice in each 

group: Chow-Saline, n = 12/4 (Control/PAK1 KO); Chow-Insulin, n = 12/6; HFD-Saline, n = 6/6; 

HFD-Insulin, n = 10/11. Statistics were evaluated with a two-way ANOVA for each of the muscles. 

(C) Plasma [
3
H] counts 10 minutes after retro-orbital (r.o.) administration of a bolus of saline 

containing [
3
H]-labelled 2DG ([

3
H]-2DG) with or without insulin. Statistics were evaluated with 

two two-way ANOVAs to test the factors ‘stimuli’ (basal vs. insulin) and ‘genotype’ (control vs. 
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PAK1 KO) in chow-fed and HFD-fed mice, respectively. (D) Body composition (FM: Fat mass; 

LBM: Lean body mass; BW: Body weight) in gram in HFD-fed PAK1 KO mice (n = 17) or control 

littermates (n = 14). Body composition was assessed in week 18-19 of the diet intervention. The 

mice were 24-34 weeks of age. Statistics were evaluated with a Student’s t-test. (E) Energy intake 

in HFD-fed PAK1 KO mice (n = 8) or control littermates (n = 8). Energy intake was monitored in a 

separate cohort of mice. Statistics were evaluated with a Student’s t-test. (F) Blood glucose levels 

during a glucose tolerance test (GTT) in HFD-fed PAK1 KO mice (n = 17) or control littermates (n 

= 13). Glucose tolerance was assessed in week 14 of the diet intervention. The mice were 20-30 

weeks of age. Statistics were evaluated with a two-way repeated measures (RM) ANOVA. (G) 

Incremental Area Under the Curve (AUC) for blood glucose levels during the GTT in panel F. 

Statistics were evaluated with a Student’s t-test. (H) Plasma insulin values during a GTT in HFD-

fed PAK1 KO mice (n = 16) or control littermates (n = 11). The plasma insulin response to glucose 

administration was measured in week 16 of the diet intervention. The mice were 22-32 weeks of 

age. Statistics were evaluated with a two-way RM ANOVA. (I) Homeostatic Model Assessment of 

Insulin Resistance (HOMA-IR) in HFD-fed PAK1 KO mice (n = 16) or control littermates (n = 

11). Statistics were evaluated with a Student’s t-test. Main effects are indicated in the panels. Data 

are presented as mean ± S.E.M. or when applicable mean ± S.E.M. with individual data points 

shown. Paired data points are connected with a straight line. 

Figure S2: (A-B) Body weight of female (A) and male (B) whole-body PAK1 knockout (KO), 

muscle-specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) mice or control littermates. (C-D) 

Body composition (FM: Fat mass; LBM: Lean body mass) in gram in female (C) and male (D) 

PAK1 KO, PAK2 mKO, 1/m2 dKO or control littermates. (E-G) Body composition (FM: Fat mass; 

LBM: Lean body mass) in percentage in both sexes combined (E) and in female (F) and male (G) 

PAK1 KO, PAK2 mKO, 1/m2 dKO or control littermates. The number of mice in each group: 
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Control, n = 9/11 (female/male); PAK1 KO, n = 8/10; PAK2 mKO, n = 12/9; 1/m2 dKO, n = 9/14. 

Statistics were evaluated with a two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) 

and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution 

of PAK1 and PAK2, respectively. Differences between genotypes were evaluated with a one-way 

ANOVA. Main effects are indicated in the panels. Significant one-way ANOVA and interactions in 

two-way ANOVA were evaluated by Tukey’s post hoc test: Control vs. 1/m2 dKO †/†† 

(p<0.05/0.01); PAK1 KO vs. PAK2 mKO § (p<0.05); PAK1 KO vs. 1/m2 dKO ‡/‡‡/‡‡‡ 

(p<0.05/0.01/0.001); PAK2 mKO vs. 1/m2 dKO ($)/$$ (p<0.1/0.01). Data are presented as mean 

± S.E.M. with individual data points shown. 

Figure S3: (A-F) Oxygen uptake (VO2), respiratory exchange ratio (RER), and activity (beam 

breaks) in female (A,C, and E) and male (B,D, and F) whole-body PAK1 knockout (KO), muscle-

specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) mice or control littermates during the light 

and dark period recorded over a period of 72 hours in calorimetric chambers. On day 2, mice fasted 

during the dark period and then refed on day 3. (G-I) Total energy intake on day 1 and day 3 in both 

sexes combined (G) and in female (H) and male (I) whole-body PAK1 KO, PAK2 mKO, 1/m2 dKO 

mice or control littermates recorded over a period of 72 hours in calorimetric chambers. (J-K) 

Energy intake in female (J) and male (K) whole-body PAK1 KO, Pak2 mKO, 1/m2 dKO mice or 

control littermates during the light and dark period recorded over a period of 72 hours in 

calorimetric chambers. On day 2, mice fasted during the dark period and were then refed on day 3. 

The number of mice in each group: Control, n = 5/3 (female/male; for energy intake, n = 4/3); 

PAK1 KO, n = 6/5; PAK2 mKO, n = 6/5; 1/m2 dKO, n = 6/7. (A-F+J-K) Statistics were evaluated 

with two two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ 

(PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) in the light and dark period of day 1, respectively. 

Statistics for day 2 and 3 were evaluated similarly thereby assessing the relative contribution of 
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PAK1 and PAK2. Differences between genotypes and the effect of the light and the dark period 

were assessed with three two-way repeated measures (RM) ANOVA to test the factors ‘Genotype’ 

(Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 dKO) and ‘Period’ (Light vs. Dark) at day 1, 2 and 

3, respectively. (G-I) Statistics were evaluated with two two-way ANOVAs to test the factors 

‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at day 1 

and day 2, respectively. Differences between genotypes and the day were assessed with one two-

way repeated measures (RM) ANOVA to test the factors ‘Genotype’ (Control vs. PAK1 KO vs. 

PAK2 mKO vs. 1/m2 dKO) and ‘Day’ (Day 1 vs. Day 3). Main effects are indicated in the panels. 

Significant one-way ANOVA and interactions in two-way (RM when applicable) ANOVA were 

evaluated by Tukey’s post hoc test: Light vs. dark period */**/*** (p<0.05/0.01/0.001); Day 1 vs. 

Day 3 €€/€€€ (p<0.01/0.001); Control vs. PAK1 KO ¤¤ (p<0.01); Control vs. 1/m2 dKO † 

(p<0.05); PAK1 KO vs. PAK2 mKO §/§§ (p<0.05/0.01); PAK1 KO vs. 1/m2 dKO ‡/‡‡/‡‡‡ 

(p<0.05/0.01/0.001).  Data are presented as mean ± S.E.M. with individual data points shown. 

Figure S4: (A-B) Blood glucose concentration in the fed state (8 a.m.) in female (A) and male (B) 

whole-body PAK1 knockout (KO), muscle-specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) 

mice or control littermates. The number of mice in each group: Control, n = 9/11 (female/male); 

PAK1 KO, n = 8/10; PAK2 mKO, n = 12/9; 1/m2 dKO, n = 9/14. Statistics were evaluated with a 

two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 

vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 and PAK2, 

respectively. Differences between genotypes were evaluated with a one-way ANOVA. (C-D) Blood 

glucose levels during a glucose tolerance test (GTT) in female (C) and male (D) PAK1 KO, PAK2 

mKO, 1/m2 dKO mice or control littermates. The number of mice in each group: Control, n = 8/11 

(female/male); PAK1 KO, n = 8/10; PAK2 mKO, n = 10/9; 1/m2 dKO, n = 8/13. Statistics were 

evaluated with six two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ 
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(PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at time point 0, 15, 30, 60, 90 and 120, respectively, 

thereby assessing the relative contribution of PAK1 and PAK2. Differences between genotypes and 

the effect of glucose administration were assessed with a two-way repeated measures (RM) 

ANOVA to test the factors ‘Genotype’ (Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 dKO) and 

‘Time’ (0 vs. 15 vs. 30 vs. 60 vs. 90 vs. 120). (E-F) Incremental Area Under the Curve (AUC) for 

blood glucose levels for females (E) and male (F) mice during the GTT in panel C-D. Statistics 

were evaluated with a two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and 

‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of 

PAK1 and PAK2, respectively. Differences between genotypes were evaluated with a one-way 

ANOVA. (G-H) Plasma insulin values during a GTT in female (G) and male (F) PAK1 KO, PAK2 

mKO, 1/m2 dKO mice or control littermates. The number of mice in each group: Control, n = 9/10 

(female/male); PAK1 KO, n = 8/9; PAK2 mKO, n = 10/9; 1/m2 dKO, n = 9/13. Statistics were 

evaluated with two two-way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and 

‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) at time point 0 and 20, respectively, thereby 

assessing the relative contribution of PAK1 and PAK2. Differences between genotypes and the 

effect of glucose administration were assessed with a two-way RM ANOVA to test the factors 

‘Genotype’ (Control vs. PAK1 KO vs. PAK2 mKO vs. 1/m2 dKO) and ‘Time’ (0 vs. 20). Main 

effects are indicated in the panels. Significant one-way ANOVA and interactions in two-way (RM 

when applicable) ANOVA were evaluated by Tukey’s post hoc test: Effect of glucose 

administration vs. time point 0’ */*** (p<0.05/0.001); Control vs. PAK2 mKO £ (p<0.05); PAK1 

KO vs. PAK2 mKO §§ (p<0.01); PAK2 mKO vs. 1/m2 dKO $ (p<0.05). Data are presented as 

mean ± S.E.M. or when applicable mean ± S.E.M. with individual data points shown. Paired data 

points are connected with a straight line. 
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Figure S5: (A-B) Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) in female (A) 

and male (B) whole-body PAK1 knockout (KO), muscle-specific PAK2 (m)KO, PAK1/2 double 

KO (d1/2KO) mice or control littermates. The number of mice in each group: Control, n = 9/11 

(female/male); PAK1 KO, n = 8/10; PAK2 mKO, n = 10/9; 1/m2 dKO, n = 9/13. Statistics were 

evaluated with a two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ 

(PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 

and PAK2, respectively. Genotype differences were evaluated with a one-way ANOVA. (C-E) 

Basal blood glucose concentration (fasted state) immediately before an insulin tolerance test (ITT) 

in both sexes combined (C) and in female (D) and male (E) PAK1 KO, PAK2 mKO, 1/m2 dKO 

mice and control littermates. The number of mice in each group: Control, n = 9/10 (female/male); 

PAK1 KO, n = 6/9; PAK2 mKO, n = 10/8; 1/m2 dKO, n = 8/13. Statistics were evaluated with a 

two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 

vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 and PAK2, 

respectively. Differences between genotypes were evaluated with a one-way ANOVA. (F-G) Blood 

glucose levels related to basal concentration during an ITT in female (F) and male (G) PAK1 KO, 

PAK2 mKO, 1/m2 dKO mice or control littermates. The number of mice in each group: Control, n 

= 9/10 (female/male); PAK1 KO, n = 6/9; PAK2 mKO, n = 10/8; 1/m2 dKO, n = 8/13.  For two 

female control mice and four female PAK2 mKO mice, the ITT had to be stopped before the 120’-

time point due to hypoglycemia (blood glucose <1.2 mM), and thus blood glucose was not 

determined for these mice for the last couple of time points. Statistics were evaluated with five two-

way ANOVAs to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ (PAK2
fl/fl

;MyoD
+/+

 vs. 

PAK2
fl/fl

;MyoD
iCre/+

) at time point 15, 30, 60, 90 and 120, respectively, thereby assessing the 

relative contribution of PAK1 and PAK2. Differences between genotypes and the effect of insulin 

administration were assessed with a two-way repeated measures (RM) ANOVA (mixed-effects 
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model analysis for female mice) to test the factors ‘Genotype’ (Control vs. PAK1 KO vs. PAK2 

mKO vs. 1/m2 dKO) and ‘Time’ (0 vs. 15 vs. 30 vs. 60 vs. 90 vs. 120). Main effects are indicated 

in the panels. Significant one-way ANOVA and interactions in two-way (RM when applicable) 

ANOVA were evaluated by Tukey’s post hoc test: Effect of insulin administration vs. time point 0’ 

**/*** (p<0.01/0.001); Control vs. PAK1 KO ¤/¤¤ (p<0.05/0.01); Control vs. PAK2 mKO (£)££ 

(p<0.1/0.01); Control vs. 1/m2 dKO ††† (p<0.001); PAK1 KO vs. 1/m2 dKO ‡ (p<0.05); PAK2 

mKO vs. 1/m2 dKO $ (p<0.05). Data are presented as mean ± S.E.M. or when applicable mean 

± S.E.M. with individual data points shown. 

Figure S6: (A-D) Δ-phosphorylated (p)-Akt S473 and ΔpAkt T308 in insulin-stimulated (60 nM) 

soleus (A and C) and extensor digitorum longus (EDL; B and D) muscle from whole-body PAK1 

knockout (KO), muscle-specific PAK2 (m)KO, PAK1/2 double KO (d1/2KO) mice or control 

littermates from Fig. 7A-D. (E-F) Quantification of total Akt2 protein expression in soleus (E) and 

EDL (F) muscle from whole-body PAK1 KO, PAK2 mKO, 1/m2 dKO mice or control littermates. 

Total protein expression is an average of the paired basal and insulin-stimulated sample. (G-H) 

ΔpTBC1D4 T642 in insulin-stimulated (60 nM) soleus (G) and EDL (H) muscle from whole-body 

PAK1 KO, PAK2 mKO, 1/m2 dKO mice or control littermates from Fig. 7G-H. Statistics were 

evaluated with a two-way ANOVA to test the factors ‘PAK1’ (PAK1+/- vs. PAK-/-) and ‘PAK2’ 

(PAK2
fl/fl

;MyoD
+/+

 vs. PAK2
fl/fl

;MyoD
iCre/+

) thereby assessing the relative contribution of PAK1 

and PAK2, respectively. Differences between genotypes were evaluated with a one-way ANOVA. 

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. Significant one-way ANOVA was evaluated by 

Tukey’s post hoc test: Control vs. PAK2 mKO £ (p<0.05).  Data are presented as mean ± S.E.M. 

with individual data points shown. A.U., arbitrary units. 
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