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19 Abstract

20 Irisin promotes browning of white fat, improves energy metabolism, and weight loss. In 

21 this study, we investigated the effects of different oxygen concentrations during hypoxic 

22 training on the serum irisin and the PGC-1α(peroxisome proliferator-activated receptor gamma 

23 coactivator 1-alpha)-FNDC5(fibronectin type III domain containing 5)-UCP1(uncoupling 

24 protein 1) signaling pathway in the skeletal muscle of obese rats.  Male Sprague-Dawley 

25 Obese rats (n=80) were randomly divided into 8 groups as follows: the control group (group A, 

26 n=10); the endurance exercise group (AE group, n=10), which involved animal treadmill 

27 training at slope  0°, 20 m/min, 40 min/d, and 5 d/w; the 16.3% hypoxia exposure group (group 

28 B, n=10), 13.3% hypoxia exposure group (group C, n=10), and 11.3% hypoxia exposure group 

29 (group D, n=10), which were exposed to a low oxygen environment with oxygen concentrations 

30 of 16.3%, 13.3%, and 11.3%, respectively, for 12 h/d; and the 16.3% hypoxic training group 

31 (BE group, n=10), 13.3% hypoxic training group (CE group, n=10), and 11.3% hypoxic training 

32 group (DE group, n=10) with animal treadmill training during hypoxia exposure. After 8 weeks, 

33 the serum irisin concentrations in the AE, BE, CE, and DE groups were significantly higher 

34 than that in the A group (p<0.05). Hypoxia exposure and hypoxic training at the three different 

35 concentrations significantly increased PGC-1α and FNDC5 gene expression in the skeletal 

36 muscle. The PGC-1α and FNDC5 protein contents were significantly higher in the skeletal 

37 muscle of the obese rats in the C, AE, and DE groups than those in group A (p<0.05). UCP1 

38 protein expression was significantly higher in groups C, CE, D, and DE than in group A 

39 (p<0.05).To conclude, training at oxygen concentrations of 13.3% and 11.3% significantly 
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40 increased the serum irisin level, and 11.3% hypoxic training enhanced the effects of the PGC-

41 1α-Irisin-UCP1 signaling pathway in skeletal muscle. 

42 Introduction

43 Obesity has become a global public health problem, and the rates of obese and overweight 

44 individuals of different genders and age groups continue to increase[1]. Therefore, safe weight-

45 control methods and effective weight-loss action targets are a focus of research. As a new 

46 myokine[2] and adipokine[3], irisin causes browning of white fat and promote energy 

47 metabolism. Thus, irisin has great potential for the prevention and treatment of metabolic 

48 diseases and obesity. Numerous studies have found that exercise can stimulate skeletal muscle 

49 to release irisin into the blood circulation and that it has obvious benign effects on obese or 

50 diabetic patients of different ages[4-8]. Currently, the relationship between irisin and various 

51 chronic diseases related to energy metabolism disorders is gradually being revealed, and new 

52 functions of irisin are constantly being discovered[9, 10]. Long-term endurance training or 

53 short-term sprint training can both promote an increase in the irisin level[11-13]. However, at 

54 present, how irisin regulates energy metabolism is not clear, and there has been no agreement 

55 on the effects of different exercise methods on the irisin concentration in human blood 

56 circulation. 

57 Hypoxic stimulation can increase the basal metabolic rate of the human body[14], enhance 

58 energy output, and reduce appetite[15]. Hypoxic intervention has a significant effect on 

59 improving obesity and related metabolic syndromes[16,17]. Hypoxic training is a superposition 

60 of hypoxia and exercise stimulus. An appropriate hypoxic training intervention can achieve an 
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61 ideal weight-control effect[18]that is more effective than hypoxia or an exercise intervention 

62 alone[19, 20].However, in weight loss schemes involving hypoxic training, the oxygen 

63 concentration, mode of hypoxia, and exercise regimen are not the same, and the results have 

64 been controversial[21]. The low oxygen concentration in animal experiments is not suitable for 

65 humans. Therefore, hypoxic training for the purpose of weight loss needs further exploration. 

66 In addition, few studies have investigated the effects of hypoxic training on irisin, and whether 

67 weight loss can be achieved by promoting irisin release is unclear. Based on these facts, an 

68 intervention with intermittent hypoxia exposure to three low-oxygen concentrations combined 

69 with endurance training was employed in this study to explore the appropriate stimulating 

70 oxygen concentration for hypoxic training-assisted weight loss, to analyze the stimulation 

71 effects of hypoxic training on irisin, and to enrich the theory concerning exercise weight loss. 

72 Materials and methods 

73 Experimental animals 

74 A total of 140 male Sprague-Dawley rats aged 6 weeks that were specific pathogen-free 

75 (SPF) grade and weighed 194.70±1.24 g after one week of adaptive feeding were purchased 

76 from the Experimental Animal Center of Southern Medical University (license number: SCXX 

77 (Yue) 2011-0015). The rats were housed in cages (4 per cage) with an ambient temperature of 

78 25-26°C, a relative humidity of 45% to 55%, natural light, and a freely available diet. The daily 

79 food intake of the rats was recorded, and the body weights were recorded once weekly. 

80 Ethics Statement
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81 All animal experiments were carried out in accordance with the National Institutes of 

82 Health Guide for the Care and Use of Laboratory Animals and were approved by Ethics 

83 Committee of Guangzhou Sport University (approval No:2016DWLL-001). All surgery was 

84 performed under appropriate anesthesia, and all efforts were made to minimize suffering. 

85 Diet and exercise intervention 

86 The rats were randomly divided into the normal diet group (N group, n=20) and the high-

87 fat diet group (HFD group, n=120), which was fed a HFD. No significant difference was 

88 observed in the initial average body weights between the two groups (p>0.05). The feed was 

89 provided by the Guangdong Medical Laboratory Animal Center. The high-fat animal model 

90 feed was composed of a total energy of 4.5 kcal/g, a mass ratio of 19% protein, 18.5% fat, and 

91 50.5% carbohydrate and had a caloric ratio of 17.5% protein, 37% fat, and 45.5% carbohydrate. 

92 After 8 weeks of feeding, 16 rats in the HFD group and 10 in the N group were randomly 

93 selected. The body weights and body lengths were measured, and Lee’s index was calculated 

94 (calculation formula: body weight (g)1/3 / body length (cm) × 103). Orbital blood was collected; 

95 the blood glucose (BG) concentration was measured using GLUCOCARDTM Test StripⅡ

96 (ARKRAY, Japan), and the blood lipid indexes were measured after separating the sera. An 

97 average body weight exceeding 20% of that of the N group rats and significant differences in 

98 Lee's index, BG, and the blood lipid indexes were used as standards[22, 23]to verify the success 

99 of nutritionally obese rat model construction. 

100 Eighty eligible obese rats were randomly divided into 8 groups as follows: the normal 
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101 oxygen quiet group (group A, n=10) without any intervention; the aerobic exercise group (AE 

102 group, n=10) with endurance training under a normal oxygen environment; the 16.3% oxygen 

103 concentration quiet group (group B, n=10); the 16.3% oxygen concentration exercise group 

104 (BE group, n=10); the 13.3% oxygen concentration quiet group (C group, n=10); the 13.3% 

105 oxygen concentration exercise group (CE group, n=10); the 11.3% oxygen concentration quiet 

106 group (D group, n=10); and the 11.3% oxygen concentration exercise group (DE group, n=10). 

107 No significant differences was observed in the average weights of the rats in the 8 groups 

108 (p>0.05). Rats in groups B, C, and D were exposed to a low oxygen environment with oxygen 

109 concentrations of 16.3%, 13.3%, and 11.3%, respectively, for 12 h/d. Hypoxia exposure was 

110 administered with a low oxygen partial pressure system (HTS) manufactured by Hypoxico Co., 

111 USA. The hypoxia exposure interventions in the BE, CE, and DE groups were the same as those 

112 in groups B, C, and D, and moderate-intensity treadmill training was performed during hypoxia 

113 exposure[24]. The exercise regimen was a 0° slope, 20 m/min, 40 min/d, and 5 d/w. The 

114 intervention period was 8 weeks following 2 weeks of adaptive training before the formal 

115 exercise intervention. During the intervention, the rats were fed the HFD continuously. 

116 Animal sampling 

117 After the intervention, the body weights and body lengths of the rats were measured after 

118 fasting for 12 h. Anesthesia was performed by intraperitoneal injection of 10% chloral hydrate 

119 (0.3 mL/100 g). Blood was taken from the abdominal aorta, and the blood collection tubes were 

120 allowed to stand at room temperature for 30 min. The blood was centrifuged at 4°C and 3000 

121 r/min for 15 min, and the supernatant was collected and quickly placed in a -80°C freezer for 
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122 testing. Mesenteric, bilateral perirenal, epididymal, and groin fat and the bilateral soleus, 

123 gastrocnemius, and quadriceps muscles were collected, washed with 0.9% saline, weighed, 

124 frozen in liquid nitrogen, and stored at -80°C. 

125 Enzyme-linked immunosorbent assay (ELISA) 

126 The serum irisin concentration were measured using the Irisin Competitive ELISA kit 

127 (AdipoGen, LOT: K1451507,Switierland), the adiponectin levels were measured using the (rat) 

128 ELISA kit (AdipoGen, LOT: K2371605, Switierland), leptin was measured using the Rat 

129 Leptin ELISA Kit (Millipore, LOT: 2851208,USA), and the insulin levels were measured using 

130 the Rat/Mouse Insulin ELISA Kit (Millipore,LOT: 2811046,USA). The ELISA test procedures 

131 were carried out in strict accordance with the manufacturer’s instructions. Each sample was 

132 subjected to duplicate detection. A multiband full-wavelength scanner (Thermo Fisher 

133 Scientific, USA) was used in the assays. The concentrations of total cholesterol (TC), 

134 triacylglycerol (TG), low-density lipoprotein cholesterol(LDL-C), and high density lipoprotein 

135 cholesterol (HDL-C) in the serum were measured by enzymatic colorimetric assays using 

136 commercially available detection kits (Biosino Biotechnology Co, Ltd, Beijing, China). The 

137 homeostasis model assessment of insulin resistance index (HOMA-IR) = fasting blood glucose 

138 (mIU/L) × serum insulin (mmol/L)/22.5. 

139 Quantitative real-time PCR (RT-qPCR) analysis

140 (1) RNA isolation: One side of the soleus muscle was taken, and total RNA was extracted 

141 with the TRIzol Reagent (Ambion, USA). The RNA concentration and purity were determined 

142 with a Nanodrop 2000 nucleic acid analyzer (Thermo Fisher, USA), and the amount of reverse 
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143 transcription template was calculated based on the RNA concentration. (2) Reverse 

144 transcription into cDNA: An All-in-OneTM First-Strand cDNA Synthesis Kit (GeneCopoeia, 

145 USA) was used with a 25 µL reaction system. The reaction mixture was incubated at 37°C for 

146 1 hour and heated to 85°C for 5 minutes. The reactions were carried out in a Bio-Rad thermal 

147 cycle PCR instrument T100. The obtained cDNA product was stored at -20°C. (3) Real-time 

148 fluorescence quantification: SYBR® Green All-in-OneTM qPCR Mix (GeneCopoeia, USA) was 

149 used. The primers used were All-in-OneTM qPCR primers supplied by GeneCopoeia, and the 

150 uncoupling protein 1 (UCP1) primers were supplied by Bioengineering Co. (Shanghai) 

151 (sequences: 5’-gtgtaggcctacaggaccat-3' and 5’-atgaacatcaccacgttcca-3’). An ABI 7500 real-

152 time PCR instrument was employed. The experimental procedure was as follows: 

153 predenaturation at 95°C for 10 minutes, followed by 45 cycles of denaturation at 95°C for 10 

154 seconds, annealing at 60°C for 20 seconds, and extension at 72°C for 15 seconds. All samples 

155 were tested 3 times. GAPDH was used as an internal reference, and the results were quantified 

156 using the 2-ΔΔCt method. 

157 Western blotting

158 A total of 0.1 g of soleus muscle was homogenized on ice, and total protein was 

159 extracted with a total protein extraction kit. The protein concentration was measured 

160 with the bicinchoninic acid (BCA) method, and 2× loading buffer was used to 

161 normalize the concentration according to the measured values. The samples were 

162 heated in boiling water for 5 minutes at 100°C, and supernatants were collected for 

163 testing after centrifugation. The samples were separated using SDS-PAGE 
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164 electrophoresis; the concentrations of the stacking and separating gels were determined 

165 according to the molecular weights of the target proteins. The proteins were transferred 

166 to a polyvinylidene difluoride (PVDF) membrane (Millipore), which was blocked with 

167 5% bovine serum albumin (BSA). The following primary antibodies were used: rabbit 

168 anti-hypoxia-inducible factor (HIF)-1α (1:1000, #9475, CST), rabbit anti-peroxisome 

169 proliferator-activated receptor gamma coactivator (PGC)-1α (1:1000,ab54481,Abcam), 

170 rabbit anti-FGF21 (1:1000, ab171941, Abcam), rabbit anti-UCP1 (1:1000,ab23841,  

171 Abcam), rabbit anti-vascular endothelial growth factor A (VEGFA) (1:500, 

172 ab9570,Abcam), and rabbit anti-fibronectin type III domain containing 5 (FNDC5) 

173 (1:1000, ab131390, Abcam). GAPDH was used as a reference protein, and the primary 

174 antibody used was a rabbit anti-GAPDH antibody (horseradish peroxidase (HRP) 

175 conjugate, 1:1000,#8884,CST). The membranes were incubated with the primary 

176 antibodies overnight at 4°C. The secondary antibody was goat anti-rabbit IgG H&L 

177 (HRP) (1:3000, ab205718, Abcam). After incubation with the secondary antibody, the 

178 electrochemiluminescence (ECL) solution was applied, and images were collected by 

179 a fully automated chemiluminescence image capture system (Tanon 5200). ImageJ 2x 

180 software was used to analyze and record the grayscale values of the signal bands. 

181 Hematoxylin and eosin (HE) staining 

182 Rat inguinal fat embedded in paraffin was sectioned and stained with HE. The specific 

183 process was as follows: trimming – fixation – dehydration – transparent – dipping in wax – 

184 embedding – slicing – dewaxing - HE staining – sealing. Images were taken using a microscopic 
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185 imaging system (Olympus, Japan). 

186 Statistical analysis 

187 SPSS 22.0 and GraphPad Prism 5 were employed for the statistical analysis. Experimental 

188 data are expressed as the mean ± standard error. Differences in mean values between two groups 

189 were compared using an independent sample T test. When multiple groups of data were 

190 homogeneous in variance, one-factor analysis of variance (ANOVA) was used for comparisons 

191 among groups. Bonferroni's multiple comparison test was used for pairwise comparisons. When 

192 the variance was not even, Welch’s ANOVA  was used, and the Games-Howell test was used 

193 for pairwise comparisons (A). The mean values of the rat food intake were compared using 

194 variance analysis of repeated measurements. Multifactor variance analysis was used to compare 

195 the main effects and interaction effects of hypoxia and endurance exercise. Two-variable 

196 correlation analysis employed the Spearman correlation coefficient. p<0.05 indicates a 

197 statistically significant difference. 

198 Results and analysis 

199 Effects of the HFD on body composition, BG, and blood lipids 

200 in rats 

201 Tables 1 and 2 showed that after 8 weeks of the HFD, the average body weight and Lee's index 

202 of the rats in group HFD were higher than those in group N (p<0.05). The average body lengths 

203 of the rats were also higher in group HFD than in group N, but the difference was not significant 

204 (p>0.05). The BG, TG, TC, and LDL-C levels in the HFD group were higher than those in 
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205 group N (p<0.05), whereas the HDL-C was significantly lower than that in group N (p<0.05). 

206 Table 1. Comparison of body weight and Lee’s index

Group Body weight (g) Body length (cm) Lee’s index

N 481.0±16.25 22.98±0.32 340.5±5.43

HFD 558.8±10.78* 23.50±0.28 353.1±5.05*

207 Note: * indicates that compared with group N, p<0.05

208 Table 2. Comparison of BG and blood lipids

Group Blood glucose 
(BG)

Triglycerides (TGs) Total cholesterol 
(TC)

Low-density lipoprotein 
cholesterol (LDL-C)

High-density lipoprotein 
cholesterol (HDL-C)

N 4.48±0.11 1.31±0.12 1.25±0.13 1.42±0.08 0.51±0.05

HFD 5.75±0.12* 1.99±0.14* 2.97±0.14* 2.08±0.09* 0.38±0.03*

209 Note: * indicates that compared with group N, p<0.05

210 Effects of hypoxic training on weight loss in obese rats 

211 Figure 1. Changes in body weight and food intake during the hypoxic training intervention

212 As shown in Figure 1A, the body weights of the rats in group A continued to increase 

213 during the intervention. The body weights in groups B, C, and D were still increasing in the 

214 first 4 weeks. The increase in the rate of body weight decreased from the 5th week, but without 

215 a significant difference compared with group A (p>0.05), indicating that hypoxia exposure 

216 inhibited the increased rate of body weight gain in the rats fed the HFD to a certain extent, but 

217 the effect was not obvious in the short term. The body weight decreased in the first 4 weeks in 

218 the AE group but increased from the 5th week. The body weights continued to reduce from the 

219 2nd week in the BE, CE, and DE groups and were significantly different from those in group 

220 A (p<0.05). From the 6th week, the body weights of the CE and DE groups were significantly 

221 lower than those of the AE group (p<0.05). The results suggest that endurance exercise 
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222 intervention alone can reduce the body weights of rats fed an HFD in a short period of time but 

223 that the body weight rebounds in the later stage. Conversely, hypoxic training continuously 

224 reduced the body weights of the obese rats, and the training effects were more significant at the 

225 13.3% and 11.3% oxygen concentrations. Figure 1B shows that the food intake patterns change 

226 after 1 week of intervention. The food intake of group A first increased and then decreased, 

227 whereas that of group AE first decreased and then increased. The food intakes of groups B, C, 

228 and D were lower than that of group A after 5 weeks of intervention, and group C showed a 

229 continuous decline. The food intakes of groups BE, CE, and DE were lower than that of group 

230 AE at the 8th week, with that of CE group showing a decrease throughout the intervention 

231 process. Both hypoxia and hypoxic training could inhibit the food intake of obese rats to varying 

232 degrees, with 13.3% hypoxic training having the largest effect. Exercise alone could reduce 

233 food intake in the early stage, but food intake increased again in the later stage. 

234 Figure 2. HE staining of inguinal adipose tissue after the interventions

235 After 8 weeks of intervention, the group A rats had the fewest fat cells in the same 

236 microscopic field of inguinal adipose HE-stained tissue compared with those of the other 

237 groups and the largest area of fat droplets in single fat cells. Compared with the AE group, the 

238 BE, CE, and DE groups had more fat cells and smaller lipid droplets, with the most significant 

239 difference observed in the DE group. The BE, CE, and DE groups had more fat cells and smaller 

240 lipid droplets than the B, C and D groups, respectively. The results suggest that hypoxia 

241 exposure, endurance exercise, and hypoxic training can improve the morphology of fat cells 

242 and reduce lipid droplets. The lower oxygen concentrations resulted in more obvious 
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243 intervention effects, and hypoxic training was more effective than hypoxia exposure or 

244 endurance training alone. 

245 Figure 3. Comparison of the rat body compositions after the intervention 

246 Note: a represents compared with group A, p<0.05; b represents compared with group B, 

247 p<0.05; c represents compared with group C, p<0.05; d represents compared with group D, 

248 p<0.05; and e represents compared with group AE, p<0.05.

249 After 8 weeks of intervention, the body weights of group A were the highest. The body 

250 weights of groups C, AE, BE, CE, and DE were significantly lower than those of group A 

251 (p<0.05). No significant difference in body weight was observed among groups B, C, and D 

252 (p>0.05), but all of the body weights in these groups were higher than those of group AE 

253 (p<0.05). The body weights of groups BE, CE, and DE were lower than those of group AE, and 

254 those of groups CE and DE were significantly different from those of group AE (p<0.05). The 

255 DE group had the lowest body weights (Fig 3A). These results indicate that 13.3% hypoxia 

256 exposure can significantly reduce the body weights of obese rats fed an HFD, exercise alone is 

257 better than hypoxia exposure, the effect of hypoxic training is better than that of hypoxia 

258 exposure or endurance training, and a lower oxygen concentration has a more significant effect. 

259 Lee’s indexes of the rats in groups C and D were significantly higher than those in groups BE 

260 and DE (p<0.05), suggesting that hypoxia exposure or endurance exercise did not effectively 

261 reduce Lee's index in obese rats, whereas 16.3% and 11.3% hypoxic training was effective in 

262 reducing Lee's index in obese rats (Fig 3B). The percentages of visceral fat in the rats in groups 

263 C, AE, BE, CE, and DE were significantly lower than that in group A (p<0.05); the percentage 
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264 was lowest in group DE, and the percentages in groups BE, CE, and DE were significantly 

265 lower than that in group AE (p<0.05) and those in the corresponding hypoxia exposure groups 

266 (p<0.05). The above results indicate that hypoxia and/or exercise can reduce the percentage of 

267 visceral fat to body weight. The effect of 13.3% hypoxia exposure was better than that of 16.3% 

268 and 11.3% hypoxia exposure. Hypoxia combined with endurance exercise was more effective 

269 than hypoxia exposure or exercise alone, and the lower oxygen concentrations had more 

270 significant effects (Fig 3C). The percentage of skeletal muscle to body weight of group A was 

271 lowest, and that of group CE was highest. Those of groups BE, CE, and DE were significantly 

272 increased compared with that of group A (p<0.05). The percentage of skeletal muscle to body 

273 weight in group CE was significantly higher than that in group AE (p<0.05), indicating that 

274 both hypoxia exposure and exercise could increase the percentage of skeletal muscle to body 

275 weight, with 13.3% hypoxic training showing the best effect (Fig 3D). A comprehensive review 

276 of the body weight, visceral fat percentage, and skeletal muscle percentage indicated that the 

277 decrease in body weight was mainly due to the decrease in the visceral fat content. 

278 Figure 4. Comparison of blood lipids after the intervention

279 Note: a represents compared with group A, p<0.05; b represents compared with group B, 

280 p<0.05; c represents compared with group C, p<0.05; d represents compared with group D, 

281 p<0.05; e represents compared with group AE, p<0.05; and f represents compared with group 

282 BE, p<0.05.

283 The AE group had the highest TG level (p<0.05). The serum total cholesterol (TC) content 

284 was highest in group C and lowest in group D, whereas those in the AE, BE, CE, and DE groups 
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285 showed a decreasing trend. The LDL-C contents were significantly higher in groups D, BE, 

286 CE, and DE than in groups A and AE and showed a decreasing trend in the order of groups AE, 

287 BE, CE, and DE. The HDL-C levels in groups D and DE were significantly higher than that in 

288 group A, and the level in group D was also higher than that in group AE (p<0.05). The above 

289 results indicated that after 8 weeks of intervention, endurance exercise significantly increased 

290 the serum TG levels in the obese rats, 13.3% hypoxia exposure caused a significant increase in 

291 CHO, and 11.3% hypoxia exposure and hypoxic training significantly reduced the TG, CHO, 

292 and LDL-C contents and elevated the HDL-C concentration. 

293 Effects of hypoxic training on the serum irisin and 

294 adiponectin levels in obese rats 

295 Figure 5. Comparison of the rat serum irisin, adiponectin, and leptin levels and the HOMA-IR

296 Note: a represents compared with group A, p<0.05; b represents compared with group B, 

297 p<0.05; c represents compared with group C, p<0.05; d represents compared with group D, 

298 p<0.05; e represents compared with group AE, p<0.05; and g represents compared with group 

299 CE, p<0.05.

300 The serum irisin content was higher in group CE than in groups A, C, and D (p<0.05). 

301 The serum irisin content of group DE was significantly higher than those of groups A, B, C, D, 

302 and AE (p<0.05). Hypoxia exposure or endurance training alone did not increase the serum 

303 irisin levels, whereas 13.3% and 11.3% oxygen concentration training showed significant 

304 effects (Fig 5A). The serum adiponectin concentrations of groups C, D, AE, BE, and DE were 
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305 lower than those of groups A and B (p<0.05). The 13.3% and 11.3% hypoxia exposures reduced 

306 the adiponectin concentration, and endurance training and 16.3% and 11.3% hypoxic training 

307 also reduced the adiponectin concentration in the rat sera (Fig 5B). The leptin level was higher 

308 in group A than in the other groups (p<0.05), was lower in group D than in groups B and C 

309 (p<0.05), and was lower in group DE than in groups AE and BE (p<0.05). Hypoxia exposure 

310 and/or exercise reduced the serum leptin levels, with 11.3% hypoxia exposure and hypoxic 

311 training showing the most pronounced effects (Fig 5C). The HOMA-IR was significantly lower 

312 in groups B, C, D, BE, CE, and DE than in group A (p<0.05) and was lower in groups CE and 

313 DE than in group AE (p<0.05), indicating that both hypoxia exposure and hypoxic training at 

314 the three oxygen concentrations could improve IR in obese rats. Additionally, training at the 

315 13.3% and 11.3% oxygen concentrations improved IR in obese rats better than endurance 

316 training alone (Fig 5D).

317 Effects of hypoxic training on the transcription and protein 

318 expression levels of index genes related to browning of white 

319 fat

320 Figure 6. Expression of browning-related genes after the intervention

321 Figure 7. Expression of browning-related proteins after the intervention

322 Relative HIF-1α mRNA expression in the skeletal muscle was significantly lower in groups 

323 A and AE than in the other 6 groups (p<0.05). Hypoxia exposure and hypoxic training promoted 

324 HIF-1α mRNA expression in the skeletal muscle. The HIF-1α mRNA transcription level was 
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325 inversely proportional to the oxygen concentration (Fig 6A). The HIF-1α mRNA and protein 

326 contents were significantly higher in groups D and DE than in group A (p<0.05), with 11.3% 

327 hypoxia exposure and/or endurance training showing the most obvious effects (Fig 6A and 7A). 

328 The three different concentrations of hypoxia exposure and hypoxic training significantly 

329 increased PGC-1α and FNDC5 gene expression in the skeletal muscle. The lower oxygen 

330 concentrations resulted in higher mRNA transcription levels. Conversely, the effect of 

331 endurance exercise alone was not obvious. The DE group showed the highest FNDC5 gene 

332 expression level (Fig 6B and 6C). The PGC-1α protein contents in the skeletal muscle were 

333 significantly higher in groups C, AE, and DE than in group A (p<0.05). The level in group DE 

334 was the highest and was significantly different from that in groups A, B, D, and BE (p<0.05) 

335 (Fig. 7B). FNDC5 protein expression was higher in groups C, AE, and DE than in groups A 

336 and D (p<0.05), indicating that 13.3% hypoxia exposure, endurance exercise alone, and 11.3% 

337 hypoxic training could promote FNDC5 protein expression in the skeletal muscle of obese rats 

338 (p<0.05) (Fig 7C). The UCP1 mRNA transcription level was significantly higher in groups C, 

339 D, CE, and DE than in groups A and AE (p<0.05), indicating that 13.3% and 16.3% hypoxia 

340 exposure and hypoxic training promoted UCP1 gene transcription, whereas exercise alone had 

341 no obvious effect on UCP1 gene expression (Fig 6D). The UCP1 protein expression level in 

342 the skeletal muscle in group A was lower than that in the other 7 groups and demonstrated 

343 significant differences compared with those in groups C, D, AE, CE, and DE (p<0.05), 

344 indicating that both hypoxia exposure and hypoxic training could increase UCP1 protein 

345 expression, although the 13.3% and 11.3% hypoxic environments and hypoxic training were 
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346 more effective (Fig 7D). The FGF21 gene transcription and protein expression levels in groups 

347 C, D, CE, and DE were significantly higher than those in groups A and AE (p<0.05) (Fig 6E 

348 and 7E), indicating that 13.3% and 11.3% hypoxia exposure and hypoxic training significantly 

349 increased FGF21 gene transcription and protein expression in skeletal muscle. VEGFA gene 

350 transcription and protein expression were significantly higher in groups C and DE than in group 

351 A and were significantly higher in group DE than in groups AE, BE, and CE (p<0.05) (Fig 6F 

352 and 7F), indicating that the VEGFA gene and protein expression levels were highly consistent, 

353 13.3% hypoxia exposure and 11.3% hypoxic training showed significant effects on VEGFA 

354 expression, and 11.3% hypoxic training was superior to endurance training at the other low 

355 oxygen concentrations. 

356 Correlation analysis of the serum irisin concentration in the 

357 rats 

358 Table 3. Two-factor correlation analysis 

Bodyweight Lee’sindex Visceral 
fat/weight

Skeletal 
muscle/weight

FNDC5 
mRNA

Irisin

concentration

Correlation 
coefficient

-0.551* -0.344* -0.547* 0.405* 0.322*

Significance 0.000 0.016 0.000 0.004 0.025

359 Note: * indicates a significant correlation, p<0.05

360 Table 3 shows that the serum irisin concentration after 8 weeks of intervention was 

361 significantly negatively correlated with the body weight, Lee's index, and the visceral fat 

362 percentage (p<0.05) and significantly positively correlated with the skeletal muscle percentage 
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363 and FNDC5 mRNA transcription level (p<0.05). 

364 Discussion 

365 Effects of hypoxia exposure on weight loss in obese rats 

366 HFD feeding causes excessive fatty acids in rats, which inhibit the secretion of various 

367 regulatory hormones and utilization of glucose by skeletal muscle. Local hypoxic necrosis of 

368 tissue caused by excessive fat accumulation is an important cause of insulin resistance, leading 

369 to abnormal glucose and lipid metabolism in obese rats[25, 26]. The oxygen supply plays an 

370 important role in regulating body weight and energy metabolism[27]. Human and animal 

371 experiments have confirmed that hypoxic environments can alter body composition and can be 

372 used as an intervention and treatment for obesity and related metabolic diseases[28] However, 

373 hypoxia exposure is a double-edged sword, especially under the condition of a relatively low 

374 oxygen concentration when the loss of protein is significant and the damage to the body cannot 

375 be ignored[29]. Therefore, the ideal state of hypoxic intervention in weight loss improves 

376 utilization of fat and avoids loss of skeletal muscle[30]. 

377 Our study found that hypoxia exposure alone inhibited the excessive growth of body 

378 weight to some extent, but the body weight still showed an upward trend compared with the 

379 weight before the intervention. Of the three hypoxia exposure concentrations, 13.3% showed 

380 the most significant effects. At the end of the 8-week intervention, the body weights of the 13.3% 

381 hypoxia exposure group were significantly lower than those of the quiet control group. 

382 Therefore, among the three low oxygen concentrations, the moderate 13.3% oxygen 
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383 concentration demonstrated the best control effect on body weight. In addition, the visceral fat 

384 percentage of the rats in the 13.3% hypoxia exposure group was lower than those in the other 

385 two groups and was significantly lower than that in the quiet control group. Moreover, the 

386 percentage of skeletal muscle in this group was higher than those in the other three groups 

387 without exercise intervention, although the difference was not significant. Lee’s index showed 

388 no obvious difference, indicating that 13.3% hypoxia exposure mainly increased the energy 

389 supply by fat and did not significantly decompose proteins. Previous studies suggested that 

390 during weight loss caused by high altitude hypoxia exposure, protein synthesis of skeletal 

391 muscle was inhibited, decomposition was enhanced, and protein loss was significan[31-34]. 

392 However, under these situations, the oxygen concentrations of hypoxia exposure were low 

393 (altitude ˃5000 m), and the hypoxia mode was continuous exposure. The results of this study 

394 indicate that intermittent hypoxia exposure at a suitable concentration does not cause loss of 

395 skeletal muscle proteins. The three hypoxia exposure concentrations showed significant effects 

396 on food intake at later stages of the intervention, and the energy intake in the latter four weeks 

397 was lower than that of the quiet control group. Therefore, hypoxia exposure alone demonstrated 

398 a certain weight loss effect on obese SD rats. One possible reason may be that hypoxia exposure 

399 resulting in tissue anoxia inhibits the appetites of rats, increases fat hydrolysis and mobilization, 

400 and increases the energy output, which are similar to the conclusions of previous studies[17, 

401 35]. However, after 8 weeks of intervention, the serum leptin concentration was significantly 

402 lower in the hypoxia exposure groups than in the quiet control group, which was inconsistent 

403 with the results reported in some studies [36, 37]. A possible explanation is that the obesity 
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404 caused by the early HFD leads to leptin resistance in the rats, and hypoxia exposure improves 

405 this condition. The changes in the HOMA-IR in each group after 8 weeks also suggest that 

406 intermittent hypoxia exposure improves the condition of IR, which is similar to the hypoxia 

407 exposure model established by Chen et al[16] with hypoxia exposure for 8 hours per day and 

408 six days per week to an oxygen concentration of 14-15%. Moreover, the serum TG and CHO 

409 levels in the hypoxia exposure groups were not significantly different from those in the quiet 

410 group, whereas the serum LDL-C concentration was significantly decreased and the HDL-C 

411 concentration was significantly increased in the 11.3% oxygen concentration group. Hypoxia 

412 exposure showed a more obvious weight loss effect for individuals with higher body 

413 weights[38], with lower oxygen concentrations leading to more weight loss. However, obese 

414 individuals are more prone to mountain sickness; therefore, when low-oxygen exposure is 

415 applied for the purpose of weight loss, attention should be paid to the mode of hypoxia exposure 

416 and the choice of oxygen concentration. In conclusion, 13.3% intermittent hypoxia exposure 

417 has a significant effect on weight loss in nutritionally obese rats, and 11.3% hypoxia 

418 interventions can improve the state of metabolic disorders. 

419  Effects of hypoxic training on weight loss in obese rats 

420 Hypoxic training can realize regulation of the body's metabolic capacity through low 

421 oxygen exposure and exercise[39], avoid the risk of hypoxia exposure through appropriate 

422 exercise training[40], and achieve weight loss optimization [41]. In previous reports, the choice 

423 of an oxygen concentration for safe and effective weight loss was mainly concentrated at a 

424 simulated altitude of 1700 m-5000 m (oxygen concentration of 11.3%-17.3%), and hypoxia 

.CC-BY 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 December 18, 2018. ; https://doi.org/10.1101/500603doi: bioRxiv preprint 

https://doi.org/10.1101/500603
http://creativecommons.org/licenses/by/4.0/


22

425 exposure was mainly based on an intermittent hypoxia intervention combined with endurance 

426 exercise and moderate resistance training[41]. During the 8-week intervention, the inhibition 

427 of weight gain by endurance training alone was better than that of hypoxia exposure, whereas 

428 the effect of hypoxic training was better than that of hypoxia exposure or endurance exercise, 

429 and the intervention became more effective as the oxygen concentrations decreased. Hypoxic 

430 training demonstrated a significant inhibitory effect on food intake. Endurance exercise alone 

431 inhibited food intake in the early stage, but food intake showed a continuously increasing trend 

432 in the later stage. This phenomenon may occur because the animals are not adapted to the 

433 exercise load at the early stage, and thus, exercise fatigue inhibits their food intake; after the 

434 animals are adapted in the later stage, the food intake gradually increases, suggesting that 

435 exercise has little effect on appetite[42]. However, hypoxic training could continuously inhibit 

436 food intake, and the food intake amount demonstrated a trend of a continuous decrease. 

437 Endurance training with different oxygen concentrations significantly reduced the body weights 

438 and visceral fat percentages in obese rats and increased the percentages of skeletal muscle mass. 

439 The lower oxygen concentrations had more obvious effects. The 11.3% hypoxic training 

440 demonstrated the most significant effects on weight control. The 16.3% and 13.3% hypoxic 

441 training not only increased the energy supply by fat decomposition but also promoted protein 

442 synthesis. However, training at the 11.3% oxygen concentration resulted in a lower percentage 

443 of skeletal muscle mass, suggesting that the energy supply from the protein proportion might 

444 be higher than that in the other two groups. Both endurance and hypoxic training increased the 

445 serum TG and CHO concentrations, probably because under continuous feeding of the HFD, 
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446 endurance training and/or hypoxic training enhanced the usage of stored fat and mobilized fat 

447 into the bloodstream, thereby improving the efficiency of fat recycling. Both 13.3% and 11.3% 

448 hypoxic training increased the serum HDL concentration and decreased the LDL level, which 

449 was a sign of improvement in lipid metabolism. Hypoxic training reduced serum leptin and 

450 HOMA-IR to varying degrees and improved leptin and IR in obese rats, similar to the results 

451 of previously reported animal intervention studies[43-45]. Hypoxic training can effectively act 

452 on skeletal muscle and oxygen responses, resulting in adaptation of health-related molecules at 

453 the skeletal muscle level. Longer hypoxic training has even more obvious effects. Therefore, 

454 long-term hypoxic training may be used as an effective nonpharmacological method to treat 

455 and prevent IR. 

456  Effects of hypoxic training on the circulating irisin 

457 concentration 

458 Irisin is a myokine[2] and adipokine[46]that is released after PGC-1α activation and is 

459 edited from FNDC5. Irisin has received wide attention because it promotes white fat browning, 

460 improves the body's energy output without changing the exercise and diet status, and improves 

461 the obesity condition and glycolipid metabolism. Studies have found that irisin upregulates 

462 UCP1 expression, possibly through p38MAPK and ERK phosphorylation[47]. 

463 Currently, it is generally agreed that irisin promotes energy metabolism and improves 

464 obesity and IR in rodents[48]. However, study results concerning whether the irisin 

465 concentration increases in human patients with metabolic diseases are inconsistent. Some 

466 studies found that the irisin level in the blood of patients with type 2 diabetes (T2D) was 
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467 significantly lower than that of people with normal BG[49, 50]. FNDC5 gene expression was 

468 significantly decreased in skeletal muscle of obese people, and FNDC5 expression was 

469 significantly decreased in subcutaneous and visceral fat[51]. Other studies found that the 

470 baseline levels of blood irisin in patients with obesity, metabolic syndromes, and T2D were 

471 significantly higher than those in the general population. Irisin was negatively correlated with 

472 the adiponectin level and positively correlated with the body mass index, fasting BG, TGs, and 

473 IR. The theory of irisin resistance was proposed, which stated that both skeletal muscle and 

474 adipose tissue increased irisin secretion to overcome irisin resistance[5, 52, 53]. FNDC5 is 

475 downregulated in T2D patients and upregulated in in vitro skeletal muscle cell culture, 

476 indicating that diabetes-associated factors regulate FNDC5/irisin expression in vivo[53]. 

477 Therefore, the irisin content is related to the skeletal muscle volume and plays a role in 

478 glycolipid metabolism. In addition, irisin secretion is mainly the result of the interaction of 

479 skeletal muscle and fat tissue. Because FNDC5 expression in skeletal muscle far exceeds that 

480 in adipose tissue, 70% of irisin has been postulated to be secreted by skeletal muscles. The 

481 secretion of various proteins by skeletal muscle is mainly dependent on its contraction 

482 function[54], and thus, physical activities are considered the main factor affecting irisin 

483 secretion. However, results from current research regarding whether exercise can promote irisin 

484 secretion and whether irisin plays a regulatory role in exercise to improve metabolism of the 

485 body are controversial[53]. Meta et al. found that the irisin concentration in humans and animals 

486 after various acute training sessions increased under appropriate strength conditions[55, 56]. In 

487 addition, experiments found that long-term training promoted irisin expression and an increased 
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488 concentration in animals[57]. However, this effect has not been observed in human 

489 experiments[55, 56]. Within 1-2 hours after exercise, the irisin concentration in obese people 

490 reached the highest peak[58]. Changes in the irisin concentration were mainly related to the 

491 ATP levels, followed by glucose and lipid metabolism in skeletal muscle[59, 60]. 

492 Our results showed that hypoxia exposure interventions demonstrated certain inhibitory 

493 effects on the serum irisin concentration of rats, but no significant difference was found 

494 compared with the quiet control group, which was similar to the results of previous human 

495 studies[61, 62]. Endurance training alone had little effect on the rat irisin concentration, and no 

496 significant difference was found compared with the quiet control group. Long-term endurance 

497 training did not increase the irisin concentration in obese rats, possibly because the samples 

498 were not measured immediately after the last training session[58]. After hypoxic training, the 

499 irisin concentration increased. Multifactor variance analysis confirmed that hypoxia had no 

500 significant effect on the irisin concentration, whereas exercise and hypoxic training showed 

501 significant effects, with lower oxygen concentrations showing the most obvious effects. The 

502 11.3% hypoxic training group showed effects that were significantly higher than those of the 

503 nonexercise and endurance training groups. Correlation analysis found that the serum irisin 

504 concentration was significantly correlated with the skeletal muscle mass percentage. The 

505 increase in the irisin concentration may be due to the increase in the skeletal muscle mass 

506 percentage in rats after hypoxic training. Previous studies identified a negative correlation 

507 between the irisin and adiponectin concentrations in blood[5, 49]. This relationship was not 

508 observed in this study. Previous studies found that acute anoxia and persistent hypoxia could 

.CC-BY 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 December 18, 2018. ; https://doi.org/10.1101/500603doi: bioRxiv preprint 

https://doi.org/10.1101/500603
http://creativecommons.org/licenses/by/4.0/


26

509 increase leptin secretion by human white adipose precursor cells but had limited effects on 

510 adiponectin[63]. Leptin increases adiponectin expression under normal oxygen conditions, but 

511 this effect is not detected under short-term hypoxic conditions. In this study, 13.3% and 11.3% 

512 hypoxia exposure reduced the serum adiponectin concentration, which demonstrated a 

513 significant positive correlation with the serum leptin concentration, indicating that leptin could 

514 affect the adiponectin level under long-term intermittent hypoxia conditions. This finding was 

515 similar to the results obtained by Fu C[64]in experiments simulating chronic intermittent 

516 hypoxia. The three hypoxia concentrations reduced the leptin concentration and HOMA-IR in 

517 obese rats, indicating that hypoxia exposure improved glucose metabolism, increased insulin 

518 sensitivity, and decreased leptin resistance in this animal model. 

519 Effects of hypoxic training on white fat browning in obese rats 

520 HIF-1α is mainly regulated by the oxygen concentration. This protein plays an important 

521 role in maintaining heat production by brown fat and promoting mitochondrial proliferation 

522 and vascular synthesis[65]. The three hypoxia exposure concentrations used in this study 

523 promoted HIF-1α overexpression, with the lower oxygen concentrations promoting higher HIF-

524 1α mRNA transcription levels. Furthermore, hypoxic training did not aggravate the hypoxia 

525 state of the body compared with hypoxia exposure. HIF-1α protein expression was significantly 

526 affected by hypoxia exposure and was significantly higher in the 11.3% hypoxia exposure 

527 group and 11.3% hypoxic training group than in the quiet control group. In addition, the PGC-

528 1α, FNDC5, UCP1, FGF21, and VEGFA mRNA transcription levels were affected by hypoxia 

529 exposure. The PGC-1α mRNA expression pattern was similar to that of HIF-1α, indicating that 
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530 HIF-1α might be one upstream regulator of PGC-1α. The FNDC5 mRNA transcription level 

531 was not significantly different among the three hypoxia concentrations. Hypoxia exposure may 

532 ultimately affect FNDC5 transcription as an indirect influencing factor. The mRNA 

533 transcription levels of genes related to white fat browning (UCP1, FGF21, and VEGFA) were 

534 significantly affected by the low oxygen concentrations, suggesting that low oxygen 

535 concentrations during hypoxia exposure might promote the expression of brown fat 

536 transformation-related genes in obese rats. 

537 Endurance training improved PGC-1α and FNDC5 gene expression, but this expression 

538 showed no significant difference compared with that in the quiet control group, indicating that 

539 long-term endurance training had no obvious effect on the expression of white fat browning-

540 related genes, possibly because the body adapted to long-term endurance training. However, 

541 PGC-1α, FNDC5, and UCP1 protein expression in the skeletal muscle of obese rats was 

542 significantly increased after endurance training. Factorial analysis found that exercise was the 

543 main cause of regulated expression of the three proteins, and thus, other pathways might 

544 improve their translation levels. These results are consistent with those of De Matteis, R et al. 

545 [66], indicating that endurance training can be used as a method to stimulate browning of white 

546 fat. The HIF-1α and PGC-1α transcription levels were significantly higher in the hypoxic 

547 training groups than in the quiet control group and were negatively correlated with the oxygen 

548 concentration. The oxygen concentration was identified as the main effector, indicating that 

549 these two genes were mainly stimulated by hypoxia. The FNDC5 mRNA level was higher in 

550 all hypoxic training groups than in the quiet control group and showed a different change trend 
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551 in the hypoxic training groups than under hypoxia exposure alone, indicating that hypoxic 

552 training achieved the dual effects of hypoxia exposure and exercise training. The PGC-1α and 

553 FNDC5 protein expression levels were significantly higher in the endurance training groups 

554 and the 11.3% hypoxic training group than in the quiet control group, indicating that endurance 

555 training was more effective than hypoxia exposure and that hypoxia exposure to lower oxygen 

556 concentrations combined with exercise was more effective. UCP1 expression was higher in the 

557 4 exercise groups than in the quiet control group. The effect of hypoxic training was not 

558 significantly different from that in the exercise group alone, indicating that endurance training 

559 was the main factor that promoted UCP1 expression. Both 13.3% and 11.3% hypoxic training 

560 significantly increased the FGF21 protein expression level. As a motility factor, FGF21 can 

561 regulate energy metabolism through the AMPK-SIRT1-PGC1α pathway[67], mainly by 

562 increasing cell lipid oxidation to provide energy, promoting glucose uptake by the liver and 

563 kidney, enhancing insulin resistance, and promoting white fat browning[68]. VEGFA has 

564 functions of maintaining vascular density in brown adipose tissue and improving the IR of 

565 obese individuals[69]. Training under the 11.3% oxygen concentration demonstrated the most 

566 significant effect on promoting VEGFA protein expression, indicating that this hypoxic training 

567 concentration was a suitable trigger condition. In summary, hypoxia training showed a more 

568 significant effect in promoting transcription and translation of white fat browning-related genes 

569 than hypoxia exposure or endurance training alone, with training under the 11.3% oxygen 

570 concentration demonstrating the most significant effect. 

571 Conclusions 

.CC-BY 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 December 18, 2018. ; https://doi.org/10.1101/500603doi: bioRxiv preprint 

https://doi.org/10.1101/500603
http://creativecommons.org/licenses/by/4.0/


29

572 Hypoxia exposure, endurance training, and hypoxic training demonstrated effects of 

573 promoting weight loss and improving glucose and lipid metabolism. The effects of hypoxic 

574 training were more significant than those of hypoxia exposure or endurance training alone, with 

575 13.3% hypoxia exposure and 11.3% hypoxic training having the best effects.

576 Hypoxia exposure or endurance training alone did not significantly change the serum irisin 

577 concentration. Hypoxic training increased the irisin concentration in nutritionally obese rats, 

578 and hypoxic training at the 11.3% oxygen concentration showed the most obvious effects.

579 Hypoxia exposure and hypoxic training showed various degrees of promotion of 

580 transcription of genes related to white fat browning. Endurance training and hypoxic training 

581 promoted protein expression, with 11.3% hypoxic training showing the most significant effect.                                                  
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