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34 Abstract

35      Obesity is the disease accumulating excessive fat in the body. The 

36 prevalence of obesity and related metabolic disorders is increasing every 

37 year worldwide. Immunologically, obesity is a chronic low-grade 

38 inflammatory state with the increase of M1 macrophages and decrease of 

39 regulatory T cells (Tregs). IL-2/anti-IL-2 complex (IL-2C) and hyperbaric 

40 oxygen (HBO) are known to expand Tregs in vivo and suppress 

41 inflammation. Therefore, in this study, IL-2C and HBO were investigated 

42 for the preventive effect of obesity and related metabolic disorders. Male 

43 C57BL/6 mice were fed with a high-fat diet (HFD) for 16 weeks, and 

44 counterparts were fed with a low-fat diet (LFD). At the end of the 

45 experiment, the body weight gain and impaired glucose metabolism, 

46 elevated levels of insulin and total cholesterol induced by HFD were 

47 improved by the individual or combination treatment with Il-2C and HBO. 

48 Histological examination of the epididymal white adipose tissue showed 

49 adipocyte hypertrophy and many crown-like structures in the HFD control 

50 groups. In addition, the liver showed the progression of non-alcoholic fatty 

51 liver disease (NAFLD) in the HFD control groups, but it was significantly 

52 improved by the individual or combination treatment with IL-2C and HBO.
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53      As for the underlying mechanism, inflammation induced by obesity 

54 was decreased, and HIF-1α expression by adipocyte hypertrophy was also 

55 reduced by the individual or combination treatment with IL-2C and HBO. In 

56 addition, adipose tissue browning was activated in brown and inguinal 

57 adipose tissue, and the expression of UCP-1 involved in the 

58 thermogenesis was increased by the individual or combination treatment 

59 with IL-2C and HBO. Overall, these results suggested that IL-2C and HBO 

60 might be a new promising immunotherapy for the treatment of obesity and 

61 related metabolic disorders by regulation of inflammation and activation of 

62 adipose tissue browning.
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64 Introduction

65     Obesity comes from an imbalance between energy uptake and 

66 consumption [1]. It is the state of excessive fat accumulated in the body 

67 and causes many adverse effects on the health. WHO reported more than 

68 1.9 billion adults were overweight, and out of these over 650 million were 

69 obese in 2016 [2]. Nowadays, this issue becomes more serious as obesity 

70 is becoming more prevalent in children and adolescents [3]. Obesity is 

71 associated with diverse metabolic disorders, including type 2 diabetes [4] 

72 and non-alcoholic fatty liver disease (NAFLD) [5], vascular diseases 

73 including atherosclerosis [6] and cardiovascular diseases [7], and several 

74 cancers [8]. Ultimately, the obesity shortens lifespan. For the treatment of 

75 obesity, the most effective and safe method is changing the dietary regime 

76 and lifestyle [9], but it is not easy. In serious cases, medical and even 

77 surgical interventions are considered [10]. However, there are many side 

78 effects and complications [11, 12], and thus, it is still necessary to develop 

79 safer alternative methods for the treatment of obesity. 

80      Adipose tissue is important for the maintenance of life [13]. In the 

81 past, it was simply thought of as an organ storing energy as a fat to 

82 prepare for the future starvation. Nowadays, it is considered as an 
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83 endocrine organ capable to mediate biological effects on the metabolism 

84 and inflammation [14]. Adipose tissues release adipokines such as various 

85 hormones and cytokines that control energy balance by regulating 

86 appetitive signals and metabolic activity [15]. On the other hand, adipose 

87 tissue undergoes dynamic changes in response to stimuli such as the 

88 nutritional status and temperature change. These stimuli induce 

89 remodeling of the adipose tissue as well as change the size and number 

90 of adipocytes [16]. There are two types of adipose tissues, white adipose 

91 tissue (WAT) and brown adipose tissue (BAT) [17, 18]. Both the WAT and 

92 BAT are involved in energy balance, but they are distinct in the anatomical 

93 locations, morphology, functions, and regulations. Especially, uncoupling 

94 protein (UCP-1) is mainly expressed in the BAT and play an important role 

95 in the metabolic and energy balance, such as cold- or diet-induced non-

96 shivering thermogenesis [19]. Recently, the brown-like adipocytes were 

97 discovered in the WAT and it was called as ‘beige or brite’ adipocytes [20]. 

98 It implies the increase in metabolic activity, and therefore, browning of 

99 WAT may be a new strategy of anti-obesity therapy [21]. As obesity 

100 progresses, adipose tissues exhibit various changes. Lipid metabolites in 

101 the adipose tissues are accumulated by incomplete β-oxidation and 

102 increase of esterification [22, 23]. Adipocyte hypertrophy and the decrease 
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103 of blood flow induce hypoxic condition in the adipose tissues and 

104 activation of the hypoxia-inducible factor-1 alpha (HIF-1α). In addition, 

105 infiltration of inflammatory cells including adipose tissue macrophages 

106 (ATMs) and formation of crown-like structures around dead adipocytes 

107 were observed [24], implying chronic low-grade inflammation [25]. ATMs 

108 exist in the visceral adipose tissue (VAT) and other metabolic tissues 

109 (liver, skeletal muscles) and secrete pro-inflammatory cytokines such as 

110 IL-1β, IL-6 and TNF-α [26]. These circulating cytokines result in insulin 

111 resistance and play a critical role in the metabolic dysfunction. In addition, 

112 obesity induces the conversion of M2 (or alternatively activated) 

113 macrophages into M1 (or classically activated) macrophages. On the other 

114 hand, regulatory T cells (Tregs), that play a critical role in the maintenance 

115 of immune homeostasis in vivo, are decreased in obese adipose tissues. 

116 Thus, it could be hypothesized that it can be reverse the altered 

117 composition of inflammatory cells by increasing the Tregs as well as 

118 decreasing the M1 macrophages by the individual or combination 

119 treatment with IL-2/anti-IL-2 complex (IL-2C) and HBO. IL-2 is an 

120 important cytokine for the survival and function of Tregs and in vivo 

121 injection of IL-2 can induce expansion of Tregs [27]. Meanwhile, the half-

122 life of IL-2 is very short and is rapidly removed from the circulation via 
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123 renal clearance [28]. Therefore, the IL-2 coupled with an anti-IL-2 

124 monoclonal antibody (JES6-1A12) is a very effective method for the 

125 selective expansion of CD4+Foxp3+ Tregs. It might be related with 

126 masking of motifs binding with IL-2Rβ on cytotoxic T cells and NK cells as 

127 well as prolongation of half-life. IL-2C has been shown to suppress several 

128 autoimmune or inflammatory diseases through expanding CD4+Foxp3+ 

129 Tregs [29-31]. Hyperbaric oxygen (HBO) is another way to expand CD4+ 

130 Foxp3+ Tregs [32, 33]. HBO is breathing of 100% oxygen with increased 

131 atmospheric pressure (2 - 3 ATA). During the treatment, the arterial 

132 oxygen tension reached to almost 2,000 mmHg, and in the tissue about 

133 200 to 400 mmHg [34]. It was initially used for the treatment of arterial gas 

134 embolism [35] and decompression sickness. Nowadays, HBO is applied to 

135 the diverse diseases, and it has improved diseases and symptoms. 

136 Breathing greater than 1 ATA of oxygen can increase of reactive oxygen 

137 species (ROS) level in the tissue [36]. Slight transient elevation of ROS 

138 increases the number and function of Tregs and suppresses inflammation. 

139 These effects have been reported that HBO attenuated autoimmune 

140 diseases such as atopic dermatitis [37] and psoriasis [38] by increasing 

141 the number and function of Tregs in vivo. In addition, it has been also 

142 reported that HBO treatment attenuated obesity in an animal model and 
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143 improved altered glucose metabolism in obese and type 2 diabetic people 

144 [39-41]. 

145 Thus, both the IL-2C and HBO may expand Tregs and suppress chronic 

146 low-grade inflammatory status in obesity, and synergy can be anticipated. 

147 Therefore, in the present study, the individual or combination treatment of 

148 IL-2C and HBO were investigated for the preventive effects on obesity and 

149 related metabolic disorders induced by a high-fat diet. 
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150 Materials and methods

151 Mice

152      This study was approved by the Institutional Animal Care and Use 

153 Committee of Ewha Womans University Graduate School of Medicine 

154 (IACUC approval number: 14-0263). Mice (C57BL/6, male, 6 weeks old) 

155 were purchased from Central Lab Animal Inc. (Seoul, Korea). Mice were 

156 housed in a specific pathogen-free facility at Ewha Womans University. 

157 For animal care, a room was controlled with a 12 hours light/dark cycle, 

158 50% humidity and ad libitum access to food and water treated with γ-

159 irradiation. 

160 Animal experiment

161 Seven-week-old C57BL/6J male mice were used in the experiment. 

162 Mice were fed with a high-fat diet (HFD, 60 kcal% fat diets, 5.24 kcal/g, 

163 D12492, Research Diets, New Brunswick, NJ, USA) or a low-fat diet (LFD, 

164 10 kcal% fat diets, 3.85 kcal/g, D12450B, Research Diets) for 16 weeks. 

165 The specific aim of this experiment is to investigate if IL-2C and/or 

166 hyperbaric oxygen (HBO), that are known to expand Tregs in vivo, 

167 attenuate HFD-induced obesity and related metabolic disorders. 

.CC-BY 4.0 International licenseavailable under a
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 (which wasthis version posted June 20, 2018. ; https://doi.org/10.1101/351841doi: bioRxiv preprint 

https://doi.org/10.1101/351841
http://creativecommons.org/licenses/by/4.0/


11

168 Accordingly, the mice in the LFD and HFD groups were further divided into 

169 5 sub-groups treated with IL-2C, HBO or both, and the control groups 

170 treated with none or PBS (vehicle for IL-2C). Each sub-group was 

171 composed of 8 - 16 mice. Body weights and food intakes were measured 

172 every week during the experiment. The IL-2C mixture was prepared by 

173 mixing mouse recombinant (r) IL-2 (eBioscience, San Diego, CA, USA) 

174 and anti-mouse IL-2 IgG (JES6-1A12, eBioscience) at a ratio of 1 : 5 in 

175 PBS and was incubated at 37°C for 30 minutes with agitation. Each time, 

176 the mixture of 1 μg of rIL-2 and 5 μg of anti-mouse IL-2 in a volume of 150 

177 μl was injected intraperitoneally (IP). Injection of IL-2C was started from 

178 the 3rd week, daily in 3 consecutive days and then followed by once a 

179 week until the end of the experiment. A hyperbaric oxygen chamber for 

180 animal study was purchased from Particla (Daejeon, South Korea). The 

181 HBO protocol was conducted with 100% O2 at 3 ATA for 90 minutes after 

182 20 minutes of compression, and then followed by 60 minutes of 

183 decompression. HBO treatment was given 5 times a week from the start to 

184 the end of the experiment. At the 14th week of the experiment, 

185 intraperitoneal glucose tolerance test (IPGTT), and at the 15th week, 

186 intraperitoneal insulin tolerance test (IPITT) were done. At the 16th week, 

187 the mice were ethically sacrificed under general anesthesia, and spleen, 
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188 liver and adipose tissues were dissected for histological and 

189 immunological study. For the study of WAT, epididymal white adipose 

190 tissues (eWAT) were dissected. For the BAT, interscapular brown adipose 

191 tissues (iBAT) were dissected. For the subcutaneous white adipose tissue, 

192 anterior subcutaneous adipose tissues were dissected from the upper left 

193 ventral region and inguinal subcutaneous adipose tissues were dissected.

194 Glucose metabolism study

195      For the glucose tolerance tests (GTT), mice were intraperitoneally 

196 (IP) injected with 2 g/kg glucose (Sigma Aldrich, Saint Louis, MO, USA) 

197 after fasting for 15 hours. Blood glucose levels were measured with a 

198 glucometer (Accu-Check Performa kit, Roche, Basel, Switzerland) at 0, 15, 

199 30, 60 and 120 minutes. For the insulin tolerance tests (ITT), mice were IP 

200 administered with 0.75 IU/kg insulin glargine (LantusTM, Sanofi, Paris, 

201 France) after fasting for 4 hours, and blood glucose levels were measured 

202 at 0, 15, 30, 60 and 120 minutes. The area under the curve (AUC) was 

203 calculated by PRISM program v5.01 (GraphPad Software Inc., La Jolla, 

204 CA, USA). Insulin levels in fasting sera were measured by using an insulin 

205 ELISA kit (ALPCO, Salem, NH, USA).

206 Biochemical tests for lipid
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207      Serum levels of total cholesterol (TC) and triglyceride (TG) were 

208 measured by using TC assay kit and serum TG quantification kit 

209 purchased from Cell Biolabs, Inc. (San Diego, CA, USA) according to the 

210 manufacturer’s instructions.

211 Histology

212 H&E, Masson’s trichrome, Oil red O staining and 

213 microscopic analysis

214      The dissected tissue was fixed in 10% formalin. Serial sections (4 

215 μm) were mounted on slides and stained with hematoxylin and eosin 

216 (H&E). Adipocyte size and number of eWAT, as well as the thickness of 

217 anterior subcutaneous WAT were measured by Image J program (National 

218 Institutes of Health, Bethesda, MD, USA). 

219      Masson’s trichrome staining was applied for the detection of collagen 

220 fibers in the liver tissues. Paraffin-embedded liver sections were stained 

221 with Weigert's iron hematoxylin working solution (Polysciences inc., 

222 Warrington, PA, USA) for 10 minutes and then with Biebrich scarlet-acid 

223 fuchsin solution (Sigma Aldrich) for 10 minutes. After washed with D.W., 

224 the sections were differentiated in phosphomolybdic-phosphotungstic acid 
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225 solution (Sigma Aldrich) for 10 minutes and were stained with aniline blue 

226 solution (Sigma Aldrich) for 5 minutes. Then, the tissue samples were 

227 dehydrated and mounted.

228      Oil red O staining was applied for the evaluation of fat accumulation 

229 in the liver. Freshly dissected liver tissues were embedded in Tissue-Tek 

230 O.C.T. compound (Thermo Fisher Scientific, MA, USA), and were frozen 

231 at -196.5℃. The frozen sections (10 μm thickness) were prepared and 

232 dried by air. The slides were rinsed with 60% isopropanol (Sigma Aldrich) 

233 and were stained with Oil red O solution (Sigma Aldrich) for 15 minutes. 

234 The slides were rinsed again with 60% isopropanol and were stained with 

235 alum hematoxylin (Polysciences inc.). The slides were rinsed with D.W. 

236 and were mounted with aqueous mount solution (Thermo Fisher 

237 Scientific).

238      For the assessment of NAFLD activity score (NAS), randomly 

239 selected 3 independent images were examined and scored for the 

240 steatosis, lobular inflammation, and ballooning. The NAS is calculated by 

241 the sum of scores for steatosis (0 - 3), lobular inflammation (0 - 3), and 

242 hepatocyte ballooning (0 - 2), and the total score ranges from 0 to 8 [42]. 
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244 Immunohistochemistry and quantification of expression 

245 levels

246      The paraffin-embedded tissue sections (4 μm) were hydrated in 

247 ethanol and D.W. Tissue slides were heated in boiling water to retrieve 

248 antigens for 10 - 20 minutes. Endogenous peroxidase was blocked by 

249 treatment with H2O2 containing peroxidase blocking reagent (DAKO, Santa 

250 Clara, CA, USA) for 10 minutes in the dark. After washed, the sections 

251 were treated with those primary antibodies such as F4/80 (Abcam, 

252 Cambridge, UK, 1:100 dilutions), HIF-1α (Bethyl Laboratories, Inc., 

253 Montgomery, TX, USA, 1:100 dilutions), UCP-1 (Abcam, 1:4,000 dilutions) 

254 for 1 - 2 hours at RT and then treated with HRP polymer (Cell Signaling 

255 Technology, Inc., MA, USA) for 30 minutes. Then, the sections were 

256 treated with DAB chromogen (Biocare Medical, Pacheco, CA, USA) for 5 

257 minutes at RT in the dark and then stopped by D.W. The slides were 

258 counter-stained with hematoxylin for 5 sec. Tissue sample was dehydrated 

259 and mounted. 

260      For the quantitative analysis of HIF-1α expression, the slides were 

261 applied for high-resolution whole slide scan using the Vectra Polaris 

262 (PerkinElmer Inc., Hopkinton, MA, USA). The regions for analysis were 
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263 randomly selected 3 - 5 spots and applied to the inForm (Image Analysis 

264 Software, Perkin Elmer). Adipose and liver tissues were selected by tissue 

265 and blank segmentation algorithm. Among those tissue areas, cell 

266 segmentations were performed by nucleus intensity and cell morphology. 

267 The inForm generated intensity reports for DAB markers from the each 

268 analyzed cells. The DAB positive cells were measured in the selected 3 - 5 

269 images per a group at the resolution of X10 in the eWAT and X20 in the 

270 liver. 

271 Flow cytometry

272      For the preparation of splenocytes, spleens were teased and 

273 minced, and were treated with ACK solution (Sigma Aldrich) for 5 minutes 

274 at RT, and then filtered through 70 μm cell strainers (SPL Life Sciences 

275 Co., Korea). For enrichment, the cells were spun on a 17.5% Accudenz 

276 (Accurate Chemical & Scientific, Westbury, NY, USA) density gradient 

277 centrifugation (2,000 rpm, 20 minutes, 20°C). Interface layer and pellet 

278 were used for the staining of macrophages and T cells, respectively. 

279 Stromal vascular fractions (SVFs) were prepared from eWAT by using 

280 adipose tissue dissociation kit (Miltenyi Biotec, Bergisch Gladbach, 

281 Germany) according to the manufacturer’s instruction. After the fractions 
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282 were prepared as single cells, they were stained for M1 macrophages and 

283 Tregs using anti-F4/80 FITC (BM8, eBioscience) and anti-CD11c PE (HL3, 

284 BD, Franklin Lakes, NJ, USA) after Fc blocking with anti-CD16/32 

285 antibodies (2.4G2, BD). The cells were also stained with anti-CD3 

286 PerCP/Cy5.5 (17A2, Biolegend, San Diego, CA, USA), anti-CD4 FITC 

287 (GK1.5, Biolegend) and anti-CD25 Brilliant Violet 711 (PC61, Biolegend) 

288 antibodies. For the staining of intranuclear FoxP3, the cells were 

289 permeabilized with FoxP3 staining buffer solution (eBioscience) and then 

290 stained with anti-FoxP3 APC (FJK-16s, eBioscience). The stained cells 

291 were analyzed using LSRFortessa (BD) and FlowJo software v10 (Tree 

292 Star, Ashland, OR, USA).

293 Statistical analysis

294      Results are presented as the mean ± SEM. Statistical significance 

295 was evaluated with t-test and two-way ANOVA. Significance was set at * 

296 p<0.05, ** p<0.01, *** p<0.001. The significance of each experimental 

297 group was evaluated by comparison with the control group.
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298 Results

299 Attenuation of the body weight gain by the individual or 

300 combination treatment with IL-2C and HBO

301      Body weight gain was faster and more prominent in the HFD groups than in the 

302 LFD groups. Body weights in the HFD control group became heavier than in the LFD 

303 control group from the 4th week and the difference between the groups became 

304 progressively more prominent until the end of the experiment (S1 Fig). At the end of 

305 the experiment, the body weights in the groups treated with the individual or 

306 combination of the IL-2C and HBO were significantly lower than those in the controls 

307 of the HFD group (Fig 1A). In the LFD groups, at the end of the experiment, the body 

308 weights in the group by individual treatment with IL-2C and combination treatment 

309 were also significantly lower than those in the controls. The body weights in the 

310 group by individual treatment with HBO was also lower but was not statistically 

311 significant. There was no significant difference in the food intake between the 

312 experimental groups (Fig 1B). 

313

314 Fig 1. Body weights and food intake. Body weights of the experimental groups at 

315 the end of the experiment (A). Food intake (B). 
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316 Improvement of impaired glucose metabolism and 

317 dyslipidemia by the individual or combination treatment 

318 with IL-2C and HBO

319      At the end of the experiment, blood glucose levels after fasting for 15 hours 

320 were significantly higher in the HFD control groups than in the LFD groups, 

321 suggesting hyperglycemia was induced (Fig 2A). Individual treatment with IL-2C or 

322 HBO decreased blood glucose levels, but without statistical significance, while 

323 combination treatment decreased it significantly. IPGTT showed delayed glucose 

324 clearance from the blood in the HFD control groups, suggesting dysregulation of 

325 glucose metabolism (Fig 2B). In the combination treatment groups, the blood 

326 glucose levels were significantly decreased starting from 30 minutes and from 60 

327 minutes in each LFD and HFD compared to the control groups (Fig 2C and D). 

328 Glucose clearance rate after glucose injection was shortened by the individual or 

329 combination treatment with IL-2C and HBO (Fig 2E). In order to investigate if insulin 

330 functions appropriately, blood glucose levels were measured after IP injection of 

331 insulin. The blood glucose levels after fasting for 4 hours was significantly lower in 

332 the HFD groups by individual treatment with HBO or combination treatment (Fig 2F). 

333 The levels of blood glucose at 2 hours after insulin injection were showed 

334 significantly higher and delayed glucose clearance in the HFD control groups, 

335 therefore this result suggests the inappropriate function of insulin (Fig 2G). Individual 

336 or combination treatment with IL-2C and HBO decreased blood glucose levels after 

337 injection of insulin, especially combination treatment was significantly lower during 2 

338 hours in the HFD groups, but there was no significant change in the LFD groups (Fig 
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339 2H and I). Therefore, glucose clearance rate after insulin injection was significantly 

340 improved by the individual or combination treatment with IL-2C and HBO in the HFD 

341 (Fig 2J). In addition, serum insulin levels after fasting for 15 hours were significantly 

342 higher in the HFD control groups (Fig 2K). Albeit at higher insulin levels, 

343 hyperglycemia was not corrected, suggesting insulin resistance was induced in the 

344 HFD control groups. Individual or combination treatment with IL-2C and HBO not 

345 only decreased fasting serum insulin levels in the HFD groups, in parallel with the 

346 decrease of fasting blood glucose levels but also enhanced glucose clearance from 

347 the blood after injection of insulin, suggesting improvement of insulin function. At the 

348 end of the experiment, hypercholesterolemia was induced in the HFD control groups, 

349 which was improved by the individual or combination treatment with IL-2C and HBO 

350 (Fig 2L). Meanwhile, serum triglyceride levels were not significantly different between 

351 the LFD and HFD groups (Fig 2M). Taken together, it was suggested that the 

352 individual or combination treatment with IL-2C and HBO improved impaired glucose 

353 metabolism and dyslipidemia induced by HFD.

354

355 Fig 2. Blood and biochemical tests to analysis of glucose and lipid 

356 metabolism.

357 IPGTT and IPITT were conducted in the experimental groups of LFD and HFD. 

358 Blood glucose levels at the start (after fasting for 15 hours) (A) and at the end (2 

359 hours after glucose injection) (B) of IPGTT. The levels of blood glucose in the LFD 

360 (C) and HFD groups (D) during the 2 hours, and AUC of IPGTT (E). Blood glucose 

361 levels at the start (after fasting for 4 hours) (F) and at the end (2 hours after the 

362 insulin injection) (G) of IPITT. The levels of blood glucose in the LFD (H) and HFD 
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363 groups (I) during the 2 hours, and AUC of IPITT (J). The levels of insulin (K), total 

364 cholesterol (L) and triglyceride (M) in the sera after fasting for 15 hours. 

.CC-BY 4.0 International licenseavailable under a
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 (which wasthis version posted June 20, 2018. ; https://doi.org/10.1101/351841doi: bioRxiv preprint 

https://doi.org/10.1101/351841
http://creativecommons.org/licenses/by/4.0/


22

365 Modulation of HFD-induced adipose tissue remodeling by 

366 the individual or combination treatment with IL-2C and 

367 HBO

368      As obesity progresses by HFD, adipose tissues undergo dynamic remodeling 

369 by changing the size and number of adipocytes. Histological examination of the 

370 eWAT showed many enlarged adipocytes in the HFD control groups, but many small 

371 or shrunken cells were also observed (Fig 3A). Around the small adipocytes, many 

372 inflammatory cells were infiltrated, showing many typical crown-like structures. The 

373 groups by the individual or combination treatment with IL-2C and HBO has scarcely 

374 observed the infiltration of inflammatory cells, and the size of adipocytes was rather 

375 homogenous with less variation in the eWAT. The size of adipocytes in the HFD 

376 control groups was larger than LFD groups (Fig 3B). It was decreased by the 

377 individual or combination treatment in both LFD and HFD groups. On the other hand, 

378 the size of the adipocytes in the HFD groups by individual treatment with IL-2C was 

379 not different from that in the control groups. Inversely proportional to size, the 

380 number of adipocytes in the HFD control groups decreased in the same area 

381 compared with the treatment groups (Fig 3C). For the evaluation of fat accumulation 

382 in the subcutaneous adipose tissue (SAT), anterior SAT thickness was measured 

383 from the ends of the dermis to muscle layer (Fig 3D and E). The depth of anterior 

384 SAT was also significantly thicker in the HFD control groups compared with the LFD 

385 groups. Meanwhile, it was significantly thinner in the LFD and HFD groups by 

386 combination treatment with IL-2C and HBO compared with that in the control groups. 

387 Therefore, HFD-induced adipose tissue remodeling was prevented in both VAT and 
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388 SAT by the individual or combination treatment with IL-2C and HBO.

389 Fig 3. Histological analysis of HFD-induced adipose tissue remodeling in the 

390 VAT and SAT. H&E staining of eWAT (X200, scale bar is 100 μm) shows 

391 hypertrophic adipocytes and crown-like structures in the HFD control groups (A). The 

392 groups by the individual or combination treatment with IL-2C and HBO has reduced 

393 the size of adipocytes, and immune cells infiltration in the eWAT. Histological 

394 analysis of the size (B) and number (C) of adipocytes was performed by ImageJ 

395 program. H&E staining shows the side of longitudinally sectioned anterior SAT 

396 (X100, scale bar is 200 μm) (D). ‘Bidirectional arrows’ indicate adipose thickness 

397 from the ends of the dermis to muscle layer. The thickness of anterior SAT was 

398 analyzed using the ImageJ program by measuring the length of arrows mentioned 

399 above (E). 
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400 Improvement of non-alcoholic fatty liver disease (NAFLD) 

401 by the individual or combination treatment with IL-2C and 

402 HBO

403      The liver plays important roles in the lipid metabolism such as import of serum 

404 FFAs and generation, store and then export of lipids and lipoproteins. In addition, it 

405 was reported that 80% of obese people have the NAFLD. Histological examination of 

406 the H&E stained liver sections in the HFD control groups showed severe steatosis 

407 with many microvesicular and macrovesicular fatty changes (Fig 4A). Oil red O 

408 staining showed more evident fat accumulation in the liver of the HFD control 

409 groups, but it was dramatically reduced by the individual or combination treatment 

410 with IL-2C and HBO (Fig 4B). According to the fat accumulation in the liver, the 

411 weight of liver was significantly increased by HFD, which were also significantly 

412 decreased by individual treatment with IL-2C and combination treatment, but not 

413 significantly with individual treatment with HBO (Fig 4C). There was no significant 

414 difference between in the LFD each group. In the HFD control groups, hepatocyte 

415 ballooning and Mallory-Denk bodies were also observed, suggesting degenerative 

416 changes of the liver (Fig 4D). Lobular inflammation by infiltration of 

417 polymorphonuclear leukocytes and lymphocytes also suggested ongoing hepatitis. 

418 Masson’s trichrome staining shows slight but evident fibrotic changes (Fig 4E). 

419 Taken together, it could be argued that non-alcoholic steatohepatitis (NASH) has 

420 been induced by HFD, and semi-quantitative analysis also showed the significant 

421 increase of NAFLD activity score (NAS) in the HFD control groups (Fig 4F-I). 

422 Meanwhile, the histological characteristics of NASH were dramatically attenuated in 
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423 parallel with the significant decrease of NAS in the groups by the individual or 

424 combination treatment with IL-2C and HBO. 

425

426 Fig 4. Histopathological analysis of NAFLD induced by HFD. H&E staining of the 

427 liver in the experimental groups (X200, scale bar is 100 μm) (A). H&E staining shows 

428 severe steatohepatitis in the HFD control groups, but it was prevented in the groups 

429 by the individual or combination treatment with IL-2C and HBO. Oil red O staining 

430 (X200, scale bar is 100 μm) (B) shows the fat depositions in the liver. Fat vacuoles 

431 stained red were overall scattered in the liver of HFD control groups, but the fat 

432 vacuoles by the individual or combination treatment with IL-2C and HBO become 

433 small and less. The weight of the liver (C). H&E staining of the HFD control groups 

434 (X400) (D). ‘Blue arrows’ indicate the Mallory-Denk bodies, ‘* and **’ indicate the 

435 microvesicular and macrovesicular fatty changes, and ‘Yellow arrow’ indicates 

436 lobular inflammation composed of PMLs and lymphocytes. Masson’s trichrome 

437 staining shows fibrotic changes in the HFD control groups (X400) (E). Semi-

438 quantitative analysis was performed to assess of steatosis (F), lobular inflammation 

439 (G), and hepatocyte ballooning (H) for NAFLD activity score (NAS) (I). 
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440 Suppression of HFD-induced inflammation by the 

441 individual or combination treatment with IL-2C and HBO

442 IHC and flow cytometry was conducted to evaluate the inflammatory state 

443 induced by obesity. Firstly, the IHC study for the F4/80 was conducted with the 

444 analysis of the infiltrated macrophages in the eWAT. As a result, many macrophages 

445 composing the crown-like structures were infiltrated in the eWAT of the HFD control 

446 groups, but it was less in the mice treated with the individual or combination of IL-2C 

447 and HBO (Fig 5A and B). Flow cytometry was performed to evaluate the 

448 inflammatory state of adipose tissue and spleen, and the proportional changes of M1 

449 macrophages and Tregs were examined locally and systemically. Flow cytometric 

450 analysis also showed the significant increase in F4/80+CD11c+ M1 macrophage 

451 proportion among the VSFs of eWAT in the HFD control groups (Fig 5C). Meanwhile, 

452 the proportion of M1 macrophage was significantly decreased by combination 

453 treatment with IL-2C and HBO. Individual treatment of IL-2C or HBO in the HFD 

454 groups were also decreased but without significance. Flow cytometric analysis of the 

455 splenocytes also showed the similar pattern of increase the M1 macrophage 

456 proportion in the HFD control groups and decrease by the individual or combination 

457 treatment with IL-2C and HBO, and the strength of statistical significance was 

458 stronger than eWAT (Fig 5D). In the eWAT as well as in the spleen, combination 

459 treatment with IL-2C and HBO in the HFD groups significantly reduced the proportion 

460 of M1 macrophage. The CD4+FoxP3+ Treg proportion in both eWAT and spleen of 

461 the HFD groups was significantly increased by the individual or combination 

462 treatment with IL-2C and HBO. The proportion of Treg among the VSFs of eWAT 

463 was significantly decreased in the HFD control groups compared with that in the LFD 
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464 groups (Fig 5E). In contrast, the proportion of Treg in the HFD groups was increased 

465 by the individual or combination treatment with IL-2C and HBO, and the proportion of 

466 Treg in the LFD groups increased only in the individual treatment with HBO. The 

467 proportion of Treg in the spleen of the HFD control groups was also decreased 

468 compared with the LFD groups (Fig 5F). It was significantly increased in both LFD 

469 and HFD groups by individual treatment with IL-2C and combination treatment. In 

470 summary, in both eWAT and spleen of the HFD control groups, M1 macrophages 

471 were increased whereas Tregs were decreased compared with the LFD control 

472 groups, suggesting the pro-inflammatory state. On the other hand, the individual or 

473 combination treatment with IL-2C and HBO reversely changed the proportion of the 

474 immune cells induced by HFD, suggesting suppression of the inflammatory 

475 responses.

476

477 Fig 5. Histopathology and immunological analysis of eWAT and spleen 

478 induced by HFD. IHC for F4/80 as a macrophages marker in the eWAT (X400, 

479 scale bar is 50 μm) (A). Quantification of F4/80 positive macrophage cells count (B). 

480 Flow cytometry for M1 macrophages and Tregs population in the eWAT and spleen. 

481 F4/80 and CD11c double positive cells were gated as M1 macrophages in the eWAT 

482 (C), and spleen (D). CD4 and FoxP3 double positive cells in CD3+ T cells were gated 

483 as Tregs in the eWAT (E), and spleen (F). 
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484 Reduction of HIF-1α expression in the eWAT and liver by the 

485 individual or combination treatment with IL-2C and HBO

486      Another cardinal manifestation of obesity is hypoxia in the WAT. IHC showed 

487 scarce expression of HIF-1α in the eWAT of the LFD groups, which was significantly 

488 enhanced in the HFD control groups, suggesting hypoxic state (Fig 6A and B). The 

489 enhanced expression of HIF-1α in the HFD control groups was significantly 

490 decreased to the comparable levels with that in the LFD groups by the individual or 

491 combination treatment with IL-2C and HBO, suggesting the normoxic state. IHC for 

492 HIF-1α in the liver tissues showed a similar pattern of increase of HIF-1α expression 

493 in the HFD control groups, which was decreased by the individual or combination 

494 treatment with IL-2C and HBO (Fig 6C and D).

495

496 Fig 6. Immunohistochemistry and analysis for HIF-1α in the eWAT and liver. 

497 Immunohistochemistry for HIF-1α in the eWAT and quantification of HIF-1α 

498 expression area. The left of the picture is the IHC staining image and the right paired 

499 picture is the analysis image (A). Quantification the ratio for HIF-1α positive area 

500 compared with HFD control groups (B). Immunohistochemistry for HIF-1α in the liver 

501 and quantification of HIF-1α expression area. (C). Quantification the ratio for HIF-1α 

502 positive area compared with HFD control groups (D). 
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503 Activation of adipose tissue browning by the individual or 

504 combination treatment with IL-2C and HBO

505      Histological examination of the iBAT showed small and multilocular features in 

506 the LFD groups (Fig 7A). In the HFD control groups, many unilocular hypertrophic 

507 adipocytes were observed with infiltration of inflammatory cells, suggesting whitening 

508 of adipose tissue. These histological features were less prominent by the individual 

509 or combination treatment with IL-2C and HBO of the HFD. The weight of iBAT was 

510 also slightly increased in the HFD control groups, compared with the LFD control 

511 groups, but without statistical significance (Fig 7B). In the mice treated with the 

512 combination of IL-2C and HBO, the weight of iBAT was significantly decreased in 

513 both LFD and HFD groups compared with each control groups. IHC showed that the 

514 uncoupling protein-1 (UCP-1) was intensely expressed in the iBAT of the LFD 

515 groups, which became more intense by the individual or combination treatment with 

516 IL-2C and HBO (Fig 7C and D). The UCP-1 expression in the iBAT of the HFD 

517 control groups was slightly less intense, which was also strengthened by the 

518 individual or combination treatment with IL-2C and HBO. 

519 In addition, histological examination of the iWAT of the LFD groups showed 

520 homogeneous unilocular adipocytes, it was almost similar to those of eWAT (Fig 7E). 

521 However, many small multilocular adipocytes were observed by the individual or 

522 combination treatment with IL-2C and HBO. In the HFD control groups, iWAT 

523 showed many hypertrophic adipocytes along with the infiltration of inflammatory 

524 cells. The size of iWAT of the HFD by the individual or combination treatment with IL-

525 2C and HBO were smaller than the HFD control groups. The weight of iWAT was 
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526 also decreased by combination treatment with IL-2C and HBO in the LFD groups 

527 (Fig 7F). In the HFD control groups, the weight of iWAT was remarkably increased 

528 compared with the LFD groups. It was restored to the comparable level with LFD by 

529 combination treatment with IL-2C and HBO. In addition, the expression of UCP-1 in 

530 the iWAT was scarcely expressed in the LFD control groups, but it was gradually 

531 increased by the individual or combination treatment with IL-2C and HBO (Fig 7G 

532 and H). It was higher by individual treatment with HBO in comparison to the 

533 individual treatment with IL-2C, and the combination treatment with IL-2C and HBO 

534 showed the highest increase in UCP-1 expression. UCP-1 expression was hardly 

535 observed in the HFD control groups, but it was only expressed in the group treated 

536 with combination of IL-2C and HBO. As a result, the whitening of the adipose tissue 

537 induced by the HFD was prevented by the individual or combination treatment with 

538 IL-2C and HBO, and it was activated the conversion to the browning of the adipose 

539 tissue.

540

541 Fig 7. H&E staining and Immunohistochemistry for observation of adipose 

542 tissue browning in the iBAT and iWAT. H&E staining of the iBAT (X200, scale bar 

543 is 100 μm) shows adipose tissue whitening by the histomorphologic change from the 

544 multilocular to unilocular and increase of immune cells infiltration in the HFD control 

545 groups (A). Inversely, the individual or combination treatment with IL-2C and HBO 

546 are less fat accumulation and immune cells infiltration in the iBAT. The weight of the 

547 iBAT (B). IHC for UCP-1 in the iBAT (X400, scale bar is 50 μm) (C). Quantification 

548 the ratio for UCP-1 positive area compared with HFD control groups (D). H&E 

549 staining of the iWAT (X200, scale bar is 100 μm) shows hypertrophic adipocytes and 
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550 immune cells infiltration in the HFD control groups, but it was reduced in the groups 

551 by the individual or combination treatment with IL-2C and HBO (E). In the LFD 

552 groups, adipose tissue browning was induced by individual treatment with IL-2C or 

553 HBO, and the group by combination treatment with IL-2C and HBO strongly induced 

554 browning. The weight of the iWAT (F). IHC for UCP-1 in the iWAT (X400, scale bar is 

555 50 μm) (G). ‘Arrows’ indicate the UCP-1 expression. Quantification the ratio for UCP-

556 1 positive area compared with HFD control groups (H). 
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557 Discussion

558      In the present study, the individual or combination treatment with IL-2C and 

559 HBO attenuated HFD-induced obesity and related metabolic disorders. The 

560 significant decrease of body weight gain by combination treatment with IL-2C and 

561 HBO was observed from as early as the 4th week in the HFD group, and from the 8th 

562 week in the LFD group. At the end of the experiment, decrease of body weight gain 

563 was as much as 21.2% and 20.1% in the HFD and LFD groups, respectively. 

564 Individual treatment with IL-2C or HBO also reduced weight gain, but the significant 

565 difference was always represented by combination treatment with IL-2C and HBO 

566 (S1 Table). 

567 Impaired glucose metabolism in the HFD control groups was also improved by 

568 combination treatment with IL-2C and HBO. In the IPGTT, combination treatment 

569 with IL-2C and HBO not only significantly reduced the blood glucose levels both 

570 fasting, and 2 hours after glucose injection but also showed significantly decreased 

571 the AUC. In IPITT, blood glucose levels at 2 hours after insulin injection, AUC and 

572 fasting serum insulin levels were significantly decreased by individual treatment with 

573 IL-2C or HBO as well as by combination treatment. However, blood glucose levels 

574 after fasting for 4 hours were significantly decreased by individual treatment with 

575 HBO or combination treatment, but not by individual treatment with IL-2C. All the 

576 data presented in this study including body weight, blood glucose, serum insulin 

577 levels, and AUCs of IPGTT or IPITT, did not completely support the synergic effect 

578 between individual and combination treatment with IL-2C and HBO. However, 

579 combination treatment with IL-2C and HBO always represented significance. 
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580      Dyslipidemia was induced by HFD, which was also improved by the individual 

581 or combination treatment with IL-2C and HBO. Serum levels of total cholesterol were 

582 elevated by HFD, which was reduced by the individual or combination treatment with 

583 IL-2C and HBO. The size of the liver was remarkably increased to almost double and 

584 histological examination showed findings compatible with severe steatohepatitis in 

585 the HFD control groups. The combination treatment with IL-2C and HBO decreased 

586 the size of liver and improved steatohepatitis almost perfectly, in parallel with serum 

587 levels of total cholesterol. Considering that no pharmacological treatment has been 

588 approved so far for NASH, the novel findings in the present study might lead to the 

589 development of an innovative therapeutic strategy using the individual or 

590 combination treatment with IL-2C and HBO. 

591      One of the underlying mechanisms by the individual or combination treatment 

592 with IL-2C and HBO for the altered glucose metabolism, dyslipidemia, and NASH 

593 might be related with the suppression of inflammation, while obesity is known as a 

594 systemic low-grade inflammatory state promoting the insulin resistance. 

595 F4/80+CD11c+ M1 macrophages known to dysregulate adipocyte signaling were 

596 increased in the HFD control groups locally in the adipose tissues as well as 

597 systemically in the spleen. By contrast, CD4+FoxP3+ Tregs that inhibits inflammation 

598 were decreased. Both IL-2C and HBO have been known to expand Tregs in vivo, in 

599 the present study, Tregs were increased by the individual or combination treatment 

600 with IL-2C and HBO locally in the adipose tissues as well as systemically in the 

601 spleen. In accordance with the increase of Tregs, M1 macrophages were decreased 

602 locally as well as systemically. 

603      Another mechanism for the treatment effect might be related to the restoration 

.CC-BY 4.0 International licenseavailable under a
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 (which wasthis version posted June 20, 2018. ; https://doi.org/10.1101/351841doi: bioRxiv preprint 

https://doi.org/10.1101/351841
http://creativecommons.org/licenses/by/4.0/


34

604 of hypoxia. As adipocytes become hypertrophic, it also becomes short of blood 

605 supply and hypoxia. HIF-1α is a master mediator of hypoxic signal and is activated in 

606 obese adipose tissue. It is involved in the insulin resistance and fibrosis in the WAT 

607 [43]. Previously, it was reported that HIF-1α in myeloid cells promoted adipose tissue 

608 remodeling toward insulin resistance [44], but selective inhibition of HIF-1α 

609 ameliorated adipose tissue dysfunction [45]. In the liver, HIF-1α stimulates 

610 triglyceride accumulation by stimulation of lipin 1 expression [46]. As HIF-1α is 

611 closely linked to the glucose and lipid metabolism in both adipose tissue and liver, 

612 and therefore hyperoxia is one of the potential therapies for the treatment of hypoxia 

613 in obesity and diabetes [47]. In this study, individual treatment with HBO and 

614 combination treatment reduced HIF-1α expression in WAT and liver in the HFD 

615 groups, suggesting the hypoxic state is alleviated. In addition, individual treatment 

616 with IL-2C also reduced HIF-1α expression. it is not sure that how IL-2C is involved 

617 in the increase of oxygen tension in adipose tissue, but it can be speculated that 

618 weight reduction, as well as suppression of inflammation induced by treatment with 

619 IL-2C, may be related with the downregulation of HIF-1α. 

620      Adipose tissue undergoes dynamic remodeling such as adipocyte hypertrophy 

621 and hyperplasia, alteration of adipokine secretion, and changes in the adipose 

622 tissue-resident cells in response to the change of the nutritional status. In this study, 

623 adipocyte hypertrophy and crown-like structures were evidently shown in the HFD 

624 control groups, and it was reduced by treatment with IL-2C and HBO. It was 

625 expected that the size of adipocyte was significantly reduced by the individual or 

626 combination treatment with IL-2C and HBO, in parallel with the decrease in body 

627 weight. However, the pattern of change of the visceral adipocyte size in the 
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628 individual treatment with IL-2C was different from the expectation (Fig 3B). 

629 Nonetheless, glucose metabolism and insulin resistance were significantly improved 

630 by individual treatment with IL-2C. Furthermore, the thickness of SAT was 

631 significantly increased by HFD, and it was decreased by combination treatment with 

632 IL-2C and HBO. It was traditionally considered that VAT was the important organ for 

633 the development of insulin resistance. However, there are also studies reporting that 

634 SAT significantly influences the development of insulin resistance [48]. As SAT was 

635 increased by HFD, which was decreased by combination treatment with IL-2C and 

636 HBO, it could be considered that SAT remodeling may play an important role in the 

637 regulation of glucose and lipid metabolism. 

638 In addition, fat browning is an important therapeutic target for non-shivering 

639 thermogenesis consuming calories. There are many studies about the relationship 

640 between BAT and glucose metabolism [49], and BAT also improves glucose 

641 homeostasis and insulin sensitivity in humans [50]. UCP-1 is an important molecule 

642 involved in the metabolic thermogenesis, and it is mainly expressed in the brown and 

643 beige adipose tissue. Interestingly, the individual or combination treatment with IL-2C 

644 and HBO in the HFD as well as LFD groups increased the UCP-1 expression at both 

645 the iBAT and iWAT. It is able to be a novel finding that the individual or combination 

646 treatment with IL-2C and HBO could be the alternative therapeutic strategy for the 

647 stimulation of fat browning. 

648      In conclusion, the individual or combination treatment with IL-2C and HBO 

649 attenuated HFD-induced obesity and related metabolic disorders through 

650 suppression of inflammation and stimulation of fat browning. Therefore, the individual 

651 or combination treatment with IL-2C and HBO may be considered for the alternative 
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652 therapeutic strategy for obesity and related metabolic disorders (Fig 8). 

653 Fig. 8 Mode of action. The individual and combination treatment of IL-2C and HBO 

654 in the prevention of HFD-induced obesity and related metabolic disorders.
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656 Supporting information

657 S1 Fig. The change of body weight in LFD (A) and HFD (B) groups during 14 weeks.

658 S1 Table. Summary of the individual and synergic effects of IL-2C and HBO in the 

659 HFD-induced obesity and related metabolic disorders.
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