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2

22 Abstract:

23 Hyperinsulinemia potentially contributes to insulin resistance in metabolic tissues, 

24 such as skeletal muscle. The purpose of these experiments was to characterise 

25 glucose uptake, insulin signalling and relevant gene expression in primary human 

26 skeletal muscle derived cells (HMDCs), in response to prolonged insulin exposure 

27 (PIE) as a model of hyperinsulinemia induced insulin resistance. Differentiated 

28 HMDCs from healthy human donors, were cultured with or without insulin (100nM) 

29 for three days followed by an acute insulin stimulation. HMDC’s exposed to PIE were 

30 characterised by impaired insulin stimulated glucose uptake, blunted IRS-1 

31 phosphorylation (Tyr612) and Akt (Ser473) phosphorylation in response to an acute 

32 insulin stimulation. Glucose transporter 1 (GLUT1), but not GLUT4, mRNA and 

33 protein increased following PIE. The mRNA expression of metabolic (PDK4) and 

34 inflammatory markers (TNF-α) was reduced by PIE but did not change lipid 

35 (SREBP1 and CD36) or mitochondrial (UCP3) markers. These experiments provide 

36 further characterisation of the effects of PIE as a model of hyperinsulinemia induced 

37 insulin resistance in HMDCs.

38 Keywords: Hyperinsulinemia, Insulin Resistance, Diabetes Mellitus, Primary Skeletal 

39 Muscle Cells,

40
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41 Introduction:

42 The inability to maintain glucose homeostasis in response to physiological insulin 

43 concentrations, leads to an increase in blood glucose (hyperglycaemia) and 

44 consequently prolonged raised insulin concentrations (hyperinsulinemia). 

45 Hyperinsulinemia has been causally linked to the onset of diabetes in the early 

46 stages of the insulin resistance and in type 2 diabetes mellitus (Corkey 2012; 

47 Templeman et al. 2017), negatively affecting insulin sensitive tissues such as liver, 

48 adipose and skeletal muscle (Page & Johnson 2018). In humans, prolonged 

49 administration of insulin can attenuate insulin responsiveness, independent of 

50 hyperglycaemia. This would therefore suggest a potential role of hyperinsulinemia as 

51 a cause of insulin resistance (Marangou et al. 1986; Del Prato et al. 1994).

52 In vitro research using human skeletal muscle derived cells (HMDCs) has routinely 

53 been used to investigate various aspects of metabolic physiology (Aas et al. 2013). 

54 Consequently, it has been possible to investigate some of the cellular and molecular 

55 characteristics of skeletal muscle insulin resistance (Ciaraldi et al. 1995; Henry et al. 

56 1995), as well as the potential causes of insulin resistance in skeletal muscle cells in 

57 response to other cells types, fatty acids and inflammatory cytokines (Dietze et al. 

58 2002; Mäkinen et al. 2017). 

59 Despite the development of relevant in vitro models to study metabolic disease, 

60 there is limited information regarding the effects of chronic insulin exposure on 

61 glucose metabolism in human skeletal muscle cells. Models of hyperinsulinemia  

62 induced insulin resistance through prolonged insulin exposure (PIE), using murine 

63 C2C12 skeletal muscle cells, have been shown to impair downstream insulin 

64 signalling and glucose uptake (Kumar & Dey 2003; Turner et al. 2018; Cen et al. 
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65 2019). In addition, work in HMDCs has shown that exposure to a chronic insulin 

66 exposure can ablate the fractional velocity of glycogen synthase activity (Henry et al. 

67 1996; Gaster et al. 2001) and therefore, could contribute to the development of 

68 insulin resistance in skeletal muscle (Nikoulina et al. 1997). 

69 Whilst previous literature has alluded to the physiological effects of hyperinsulinemia 

70 induced insulin resistance in human skeletal muscle tissue and primary cells (Del 

71 Prato et al. 1994; Gaster et al. 2001), currently the molecular characteristics which 

72 potentially underpin previously observed changes to PIE induced insulin resistance, 

73 are yet to be investigated. The aim of the current investigation was to determine how 

74 PIE would affect glucose uptake, insulin signalling and gene expression in HMDCs 

75 from healthy donors. In these experiments, it was found that PIE resulted in 

76 attenuated insulin signalling and glucose uptake, however did not alter the mRNA 

77 expression of genes involved in metabolism, which are putatively indicative of insulin 

78 resistant skeletal muscle.  

79 Methods:

80 Participants

81 Healthy male volunteers (age 24.4  1.1 years, height 1.78  0.04 cm, weight 70.6  

82 2.9 kg, body mass index (BMI) 22.3  1.5 kgm2) who did not report any family 

83 history of metabolic disease were recruited for this study. All procedures were 

84 conducted at Loughborough University, UK under ethical approval and in 

85 accordance with the Declaration of Helsinki, 2008. 

86 Isolation and culture of human muscle derived cells (HMDCs)

87 Percutaneous skeletal muscle biopsies were obtained from the vastus lateralis by 

88 micro-biopsy technique (Acecut 11-gauge Biopsy Needle; TSK, Tochigi-Ken, Japan), 
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89 as previously described (Ferguson et al. 2018). Skeletal muscle biopsies were 

90 scissor minced into small pieces, placed in tissue culture flasks coated in 0.2% 

91 Gelatin/PBS and maintained at 37°C and 5% CO2 in growth media (GM, consisting 

92 of high glucose DMEM (Sigma, Dorset, UK) supplemented with 20% Foetal bovine 

93 serum (Pan Biotech UK Ltd, Dorset, UK) and 1% penicillin/streptomycin, Fisher 

94 Scientific, Loughborough, UK). The HMDCs which migrated out of the muscle tissue 

95 and adhered to the tissue culture plastic were harvested and expanded through 

96 serial passages to increase cell numbers prior to experimentation. For 

97 experimentation, HMDCs were used between passages 3-7 (7-10 population 

98 doublings). 

99 Experimental Protocol

100 2,500 cells·cm2 of HMDCs were seeded into 12 well plates and cultured in GM until 

101 80% confluent.  Media was subsequently changed to low serum differentiation media 

102 (DM) which consisted of high glucose DMEM (Sigma, Dorset, UK) supplemented 

103 with 2% horse serum (Fisher Scientific, Loughborough, UK), and 1% 

104 penicillin/streptomycin (Fisher Scientific, Loughborough, UK). Following 

105 differentiation, (5-7 days) into multinucleate myotubes (as evidenced by light 

106 microscopy), cultures were subjected to prolonged insulin exposure (PIE), consisting 

107 of DM supplemented with the addition of 100nM human recombinant insulin (Sigma, 

108 Dorset, UK). Cultures were then serum starved for 4 hours, before being acutely 

109 stimulated with or without insulin (100nM) for 30 minutes.

110 Protein quantification and immunoblotting

111 HMDCs were washed with PBS before being lysed in RIPA buffer (Sigma, Dorset, 

112 UK) containing a protease and phosphatase inhibitor cocktail mix (Fisher Scientific, 

113 Loughborough, UK). Protein concentrations were determined using the Pierce 
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114 660nm protein assay (Fisher Scientific, Loughborough, UK) and thereafter samples 

115 were mixed with 4X Laemmli buffer (Bio-Rad, Herts, UK), boiled for 5 minutes at 

116 95ºC and separated by SDS-PAGE. Proteins were transferred onto nitrocellulose 

117 membranes (Whatman Proton, Sigma-Aldrich, Dorset, UK) and blocked for 1 hour at 

118 room temperature in 5% bovine serum albumin (BSA) in TBST (Sigma, Dorset, UK), 

119 before being incubated with primary antibody overnight at 4ºC in BSA or Milk. 

120 Primary antibodies used for analysis were, Akt (#9272), phosphor Akt (Ser473) 

121 (#4060), GSK-3β (#9315), GSK-3β (Ser9) (#9336), AS160 (Ser588) (#8730), Glucose 

122 Transporter 4 (GLUT4) (#2213) and Glyceraldehyde-3-phosphate dehydrogenase 

123 (GAPDH) (#2118) purchased from Cell signalling (NEB, Herts, UK). Glucose 

124 transporter 1 (GLUT1) (#07-1401), Insulin Receptor Substrate-1 (IRS-1) (#05-784R) 

125 and phospho IRS-1 (Tyr612) (#09-432) were purchased from Merck Millipore (Dorset, 

126 UK). Following overnight incubation, membranes were washed in TBST and 

127 subsequently incubated with anti-rabbit (#7074) or anti-mouse (#7076) horseradish 

128 peroxidase-conjugated secondary antibody (NEB, Herts, UK) at concentration of 

129 1:2000 in milk. Proteins were visualised using chemiluminescence substrate (Bio-

130 Rad, Herts, UK) and band densities were quantified using Quantity One image 

131 analysis software (Quality One 1-D analysis software version 4.6.8). Where 

132 appropriate, following visualisation of phosphorylated proteins, membranes were 

133 washed in TBST and incubated in stripping buffer (Fisher Scientific, Loughborough, 

134 UK) before being blocked and probed as outlined above for their corresponding total 

135 proteins. Phosphorylation was normalised to its corresponding total protein, with the 

136 exceptions of GLUT1, GLUT4 and AS160 (Ser588) which were normalised to GAPDH.
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137 RNA extraction and qPCR analysis

138 RNA extraction was performed using TRI Reagent (Sigma, Dorset, UK) according to 

139 the manufacturer’s instructions and quantified using UV spectroscopy (NanoDrop, 

140 Fisher Scientific, Loughborough, UK). Gene expression was analysed by one-step 

141 reverse transcription-qPCR (Quantifast SYBR Green Mix (Qiagen, Crawley, UK)) 

142 using a Viia 7 thermocycler (Applied Biosystems, Loughborough, UK). Each reaction 

143 consisted of 20ng of RNA in a final 10 µL reaction volume (Qiagen, Crawley, UK). 

144 Master mixes were made according to the manufacturer’s instructions using primers 

145 outlined in Table 1. Fluorescence was detected after every cycle (40 cycles) and 

146 data was analysed using the ΔΔCt method, using RNA polymerase II beta (POLR2B) 

147 as an endogenous control gene. Samples were normalised to each individual donor 

148 control sample, with each donor performed in duplicate for each condition and each 

149 sample was ran in triplicate.

150 [INSERT TABLE 1]

151 Cell Based Glucose uptake assay

152 HMDCs were plated into black, clear bottom 96 well plates (Fisher Scientific, 

153 Loughborough, UK) and cultured as described in the experimental protocol. The 

154 measurement of 2-deoxyglucose (2DG) uptake was performed using a commercially 

155 available Glucose Uptake-Glo™ Assay kit (Promega, Southampton, UK). Firstly, 

156 cultures were washed with PBS and incubated overnight in serum free media 

157 with/without 100nM insulin. Briefly, HMDC’s were washed with PBS before being 

158 stimulated with/without 1mM insulin in PBS. 0.1M 2DG was added to all of the wells 

159 for 30 minutes at 25°C. The reaction was arrested with the addition of stop and 

160 neutralization buffer, before the addition of 2DG6P detection reagent. Values were 

161 normalised to total protein concentration analysed on plates following glucose uptake 
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162 measurement, using the Pierce 660nm protein assay (Fisher Scientific, 

163 Loughborough, UK).  

164 Statistical Analysis

165 Statistical analysis was performed using SPSS (Version 23). Insulin signalling 

166 proteins was analysed by one-way ANOVA with Bonferroni post-hoc correction. 

167 Differences in glucose uptake and gene expression between control and PIE 

168 conditions, were analysed by independent samples t-test. The number of donors 

169 used for each analysis is outlined in the figure legends. Data is presented and mean 

170  standard error the mean (S.E.M) and statistical significance was set at p < 0.05.

171 Results:

172 Glucose Uptake in human skeletal muscle cells following insulin exposure

173 To investigate the physiological effects of exposure to PIE, we measured glucose 

174 uptake using a commercially available assay. Acute insulin-stimulation increased 

175 glucose uptake by approximately 1.5-fold in control HMDCs (p <0.05, figure 1a). 

176 However, HMDCs cultured with PIE exhibited no significant increase in glucose 

177 uptake following acute insulin stimulation (p >0.05, figure 1b).

178 [INSERT FIGURE 1]

179 Prolonged exposure to insulin alters phosphorylation of insulin signalling proteins IRS-

180 1 (Tyr612)

181 Following evidence of altered glucose uptake following PIE, we analysed the 

182 phosphorylation of both Insulin receptor substrate 1 (IRS-1) and Akt as critical nodes 

183 of insulin signalling. Acute insulin stimulation significantly increased tyrosine 

184 phosphorylation of IRS-1 (Tyr612) above basal levels in control HMDCs (p <0.01, 
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185 figure 2A). In contrast, we observed elevated basal IRS-1 (Tyr612) phosphorylation in 

186 PIE condition which was not increased further upon acute insulin stimulation (p > 

187 0.05, Figure 2). In addition, IRS-1 mRNA expression was analysed however was not 

188 different between control and PIE conditions (p > 0.05, Figure 2B).

189 [INSERT FIGURE 2]

190 Prolonged exposure to insulin alters phosphorylation of Akt (Ser473).

191 Akt (Ser473) was responsive to acute insulin stimulation when HMDC’s were cultured 

192 in control conditions (p <0.05 figure 3a), however this response was blunted 

193 following PIE (p > 0.05; Figure 3a). GSK-3β (Ser9) or AS160 (Ser588) phosphorylation 

194 was not different following acute stimulation or different between conditions (both 

195 p >0.05; Figure 3b and 3c respectively).

196 [INSERT FIGURE 3]

197 Exposure to insulin results in changes to GLUT1 but not GLUT4 mRNA and protein in 

198 HMDCs. 

199 PIE increased the mRNA expression of GLUT1 by approximately 1.6-fold above 

200 HMDCs cultured in control conditions (p < 0.01; figure 4a), but did not alter the 

201 mRNA expression of GLUT4 (p >0.05; figure 4b).  Protein expression analysis of 

202 GLUT1 was also increased in the PIE condition compared to CON (p < 0.05 figure 

203 4c), but there was no difference in GLUT4 protein expression between conditions (p > 

204 0.05 figure 4d). 

205 [INSERT FIGURE 4]
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206 The effects of insulin exposure on the mRNA expression of metabolism markers.

207 Hexokinase II and pyruvate dehydrogenase kinase isoform 4 (PDK4), two enzymes 

208 which regulate glucose oxidation, have previously been shown to be regulated by 

209 insulin. Here, HKII mRNA expression did not change in HMDC’s exposed to PIE (p > 

210 0.05), however PDK4 mRNA expression was significantly reduced following PIE (p < 

211 0.01), Glycogen synthase kinase-3β (GSK-3β) mRNA expression was increased 

212 following PIE, but did not reach statistical significance (p = 0.054). The mRNA 

213 expression of the lipid metabolism markers, sterol regulatory element binding protein 

214 1 (SREBP-1) and fatty acid translocase (cluster of differentiation 36 (CD36)), was not 

215 different between conditions (p > 0.05). Similarly, the mRNA expression of 

216 mitochondrial uncoupling protein -3 (UCP-3), was not different between conditions 

217 (p > 0.05). However, the mRNA expression of the pro-inflammatory marker TNF-α 

218 was significantly lower in PIE compared to control (p < 0.05, figure 5b).

219 [INSERT FIGURE 5]

220 Discussion:

221 Hyperinsulinemia is a symptom in the early stages of insulin resistance and type 2 

222 diabetes mellitus (Shanik et al. 2008; Page & Johnson 2018). To decipher how 

223 prolonged exposure to high concentrations of insulin could contribute to skeletal 

224 muscle insulin resistance, in vitro experiments have been used to investigate some 

225 of the physiological effects of hyperinsulinemia in cell lines (Kumar & Dey 2003; 

226 Turner et al. 2018; Cen et al. 2019), and primary human skeletal muscle cells (Henry 

227 et al. 1996; Gaster et al. 2001). Our initial experiments used prolonged insulin 

228 exposure (PIE) as a model of hyperinsulinemia and demonstrated that this was able 

229 to induce impaired glucose uptake in response to an acute insulin stimulation, thus 
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230 confirming our own previous findings in C2C12 skeletal muscle cells (Turner et al. 

231 2018) and those of Henry and colleagues who have shown hyperinsulinemia to 

232 impair glucose synthase activity and insulin stimulated glucose uptake in primary 

233 human skeletal muscle cells when chronically exposed to insulin (Ciaraldi et al. 1995) 

234 and is a phenomenon which occurs in both healthy and insulin resistant skeletal 

235 muscle. 

236 To examine the molecular responses to this impaired insulin-stimulated glucose 

237 uptake we initially examined critical nodes of the insulin signalling cascade. Indeed, 

238 impaired insulin signalling contributes to skeletal muscle insulin resistance  

239 (Taniguchi et al. 2006). While the physiological changes in human skeletal muscle 

240 cells have been previously described (Henry et al. 1996; Gaster et al. 2001), we 

241 observed an attenuated IRS-1 phosphorylation (Tyr612) to acute insulin stimulation. 

242 This was due to an increase in basal phosphorylation which has previously be 

243 reported in rat skeletal muscle (Kanety et al. 1994). This response has been 

244 attributed to multisite phosphorylation of the insulin receptor in a cell lines, including 

245 skeletal muscle (Kumar & Dey 2003; Cen et al. 2019), although further experiments 

246 would be required to determine the phosphorylation sites in human skeletal muscle 

247 cells. The attenuation in the phosphorylation of Akt is indicative of insulin resistance 

248 (Krook et al. 1998a; Karlsson et al. 2005), which has been reported by our group in 

249 C2C12 skeletal muscle cells following sustained exposure to insulin (Turner et al. 

250 2018). In addition, while our findings did not show any changes in phosphorylation of 

251 downstream target AS160, it’s phosphorylation of multiple serine sites in response to 

252 insulin (Kramer et al. 2006) mean that further investigation is required to elucidate 

253 what sites are specifically inhibited following prolonged insulin.
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254 Exposure to insulin can increase glucose transporter (GLUT) mRNA and protein 

255 expression (Walker et al. 1989, 1990), a finding which has also been shown in 

256 primary human skeletal muscle cells (Ciaraldi et al. 1995). The increase in 

257 expression is mostly likely due to an increase in GLUT1 mRNA and protein 

258 expression, which was increased following exposure to PIE in the present set of 

259 experiments. Basal glucose uptake has previously been observed in human (Ciaraldi 

260 et al. 1995), and murine skeletal muscle cells (Turner et al. 2018), and is linked to 

261 the increase in GLUT1 mRNA and protein expression.  In contrast, GLUT4 mRNA 

262 and protein expression was not altered in response to PIE, which has previously 

263 been reported in human skeletal muscle following  hyperinsulinemia-euglycemia 

264 clamp (Postic et al. 1993). Despite contradictor findings in rodent skeletal muscle 

265 (Cusin et al. 1990), our findings provide further evidence that that hyperinsulinemia is 

266 not a mediator of GLUT4 protein or mRNA expression in human skeletal muscle. 

267 Insulin regulates the expression of genes involved in skeletal muscle metabolism 

268 (Rome et al. 2003), of which the expression is altered in metabolic disease 

269 (Ducluzeau et al. 2001). HKII mRNA expression has previously been shown to be 

270 sensitive to insulin stimulation (Osawa et al. 1996), and it’s response is attenuated in 

271 insulin resistant skeletal muscle (Ducluzeau et al. 2001). However, this is in contrast 

272 to our experiments, which may reflect the differences in metabolic demands of cells 

273 and tissues. The reduction in PDK4 mRNA expression in these experiments, could 

274 be considered indicative of a physiological and not pathophysiological response to 

275 insulin in skeletal muscle (Kim et al. 2006; McAinch et al. 2015). In addition, a 

276 number of genes which are associated with skeletal muscle insulin resistance, such 

277 as SREBP1, CD36 and UCP3 (Krook et al. 1998b; Ducluzeau et al. 2001; Wallberg-

278 Henriksson et al. 2007), were not altered in these experiments. This indicates while 
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279 hyperinsulinemia can induce insulin resistance in healthy HMDC’s, it might not 

280 contribute to the transcriptional changes which have previously been observed in 

281 disease states (Ducluzeau et al. 2001). These changes could be mediated by other 

282 factors, such as low grade chronic inflammation and the expression of pro-

283 inflammatory cytokines (Ruge et al. 2009). 

284 With the previously documented role of hyperinsulinemia in skeletal muscle insulin 

285 resistance, for the first time these experiments were able to confirm previous findings 

286 that PIE can attenuate insulin stimulated glucose uptake, attenuate insulin signalling 

287 and the induce compensatory changes in glucose transporter expression in HMDC’s 

288 from healthy donors. While we appreciate that the concentrations of insulin used in 

289 these experiments are in excess of physiological hyperinsulinemia in humans and 

290 therefore further experiments would elude to impact of lower insulin concentrations 

291 upon skeletal muscle insulin sensitivity in vitro, these findings provide insight into the 

292 specific impact of hyperinsulinemia induced insulin resistance in primary human 

293 skeletal muscle cells.

294 [INSERT FIGURE 6]
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442 Figure Legends

443 Figure 1: 2-deoxyglucose (2DG) uptake and phase contrast images of HMDCs 

444 cultured in control (CON) or prolonged insulin exposure (PIE) for three days. Cells 

445 were stimulated without (open bar) or with (doted bar) insulin. Data is mean ± s.e.m 

446 from 3 donors. *Significant difference between basal and stimulation (p < 0.05).

447 Figure 2: A; IRS-1 phosphorylation (Tyr612) of HMDC cultured in CON or PIE media. 

448 Cells were stimulated without (open bar) or with (doted bar) insulin (100nM) for 30 

449 minutes. B; IRS-1 mRNA expression (Ct) of basal samples cultured in CON or 

450 PIE media. Data is mean ± s.e.m from 2-4 donors. *Significant difference between 

451 basal and acute insulin stimulation (p < 0.05). 

452 Figure 3: A; Akt phosphorylation (Ser473), B; GSK-3β phosphorylation (Ser9) of 

453 HMDC cultured in CON or PIE media, C; AS160 phosphorylation (Ser588) of HDMC’s 

454 cultured in CON or PIE media before being stimulated without (open bar) or with 

455 (doted bar) insulin (100nM) for 30 minutes.  Data is mean ± s.e.m from 2-5 donors as 

456 represented by in the graph. *Significant difference between basal and acute insulin 

457 stimulation (p < 0.05).

458 Figure 4: A; glucose transporter 1 (GLUT1) and B; glucose transporter4 (GLUT4) 

459 mRNA expression (Ct). C; GLUT1 protein expression and D; GLUT4 protein 

460 expression normalised to GAPDH in HMDC cultured CON or PIE media. Data is 

461 mean ± s.e.m from 3 donors. Significant different between conditions ** (p < 0.01).

462 Figure 5: mRNA expression (Ct) of genes in HMDCs cultured CON or PIE media. 

463 Data is mean ± s.e.m from 3-4 donors. Significantly different between conditions * (p 

464 <0.05), ** (p <0.01).
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465 Figure 6: Summary of human muscle derived cell (HMDC) responses to prolonged 

466 insulin exposure (PIE) as a model of hyperinsulinemia induced insulin resistance.

467  Table 1: Primer sequences of genes analysed by qPCR.
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Changes to HMDCs following PIE 

↑ GLUT1
⎯ HKII, GLUT4, SREBP1, CD36, 

GSK3-β, UCP3
↓ PDK4, TNF⍺

Gene Expression Response to PIE

CON
↑ IRS-1 phosphorylation
↑ Akt phosphorylation
⎯ GSK3-β phosphorylation
⎯ AS160 phosphorylation

PIE
⎯ IRS-1 phosphorylation
↓ Akt phosphorylation
⎯ GSK3-β phosphorylation
⎯ AS160 phosphorylation

Phosphorylation to acute insulin stimulation following PIE

↓ Insulin Stimulated
Glucose Uptake

Physiological Response To PIE

↑ GLUT1, ⎯ GLUT4

Total Protein Response to PIE
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Gene of Interest Symbol Manufacturer Assertion No.

RNA polymerase II POLRB Sigma NM_000938
Glucose Transporter 4 GLUT4 (SLC2A4) Sigma NM_001042

Hexokinase II HKII Qiagen NM_000189
Pyruvate dehydrogenase lipoamide 

kinase isozyme 4
PDK4 Sigma NM_002612

Glucose Transporter 1 GLUT1 (SLC2A1) Qiagen NM_006516
Uncoupling protein 3 UCP-3 Qiagen NM_003356

Glycogen Synthase Kinase 3 beta GSK3- Qiagen NM_001146156
Tumour necrosis factor alpha TNF- Sigma NM_000594
Insulin receptor substrate 1 IRS-1 Qiagen NM_005544
Cluster of differentiation 36

(Fatty acid translocase)
CD36 Sigma NM_000072

Sterol regulatory element binding 
protein factor 1

SREBPF1 Qiagen NM_004176
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