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11 Abstract

12 Adipose tissue is a major endocrine organ capable of releasing inflammatory adipokines.  

13 Inflammatory adipokine release is linked to the changes occurring in adipose tissue in the 

14 overfed state, where tissue remodeling results in hypertrophic adipocytes that recruit 

15 monocytes to infiltrate the tissue and take on an inflammatory phenotype.  As the proportion 

16 of inflammatory macrophages increases there is a concurrent increase in release of 

17 macrophage-specific inflammatory mediators, further contributing to the inflamed state and 

18 setting an inflammatory loop between the macrophages and adipocytes.  Although most 

19 inflammatory adipokines are released by macrophages, adipocytes can also release 

20 immunomodulatory adipokines, such as leptin.  The objective of this research was to determine 

21 if co-incubation of activated macrophages with mature adipocytes, using Transwell inserts, 

22 affected leptin release by mature adipocytes.  We also examined if there were differences in 

23 the amount of cell-secreted products quantified in cell-conditioned media collected from 

24 macrophage-containing (Transwell insert) and adipocyte-containing (well) compartments.  

25 Mature adipocytes (differentiated 3T3-L1 murine fibroblasts) were co-incubated with control 

26 and lipopolysaccharide-stimulated (0.01 g/ml) murine macrophages (RAW264.7), and nitric 

27 oxide, interleukin-6, and leptin levels were quantified in the cell-conditioned media from the 

28 two compartments.  Activation status of the macrophages did not affect leptin release by the 

29 adipocytes.  We observed higher amounts of leptin in wells compared to Transwells.  Nitric 

30 oxide and interleukin-6 levels were similar between Transwells and wells, suggesting that these 

31 adipokines are traveling through the Transwell inserts and reaching equilibrium between the 

32 two compartments.  There was a weak negative relationship between nitric oxide release by 
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33 macrophages and leptin release by adipocytes.  Our results suggest that co-incubating activated 

34 macrophages and adipocytes using Transwell inserts can result in distinct microenvironments in 

35 the different cellular compartments and that separate sampling of these compartments is 

36 required to detect the subtle signaling dynamics that exist between these cells.

37

38 Introduction

39 Adipose tissue (AT) has emerged as a major endocrine organ capable of releasing 

40 inflammatory mediators—adipokines—that may result in a chronic inflammatory state. Low 

41 levels of chronic inflammation, or meta-inflammation, may predispose the individual to chronic 

42 disease, including insulin resistance and type 2 diabetes mellitus (1,2).  Adipokines are AT-

43 derived proteins, a category that includes, but is not limited to, cytokines, chemokines, and 

44 hormones.  In addition to adipocytes, AT contains adipocyte precursors in various stages of 

45 differentiation, as well as non-fat cells like endothelial and immune cells.  Amongst the immune 

46 cells present in AT, macrophages have received a lot of attention by adipoimmunologists due to 

47 their central role in AT-derived inflammation.  

48 Macrophages are innate immune cells that circulate as monocytes and differentiate into 

49 their final phenotype based on the microenvironment encountered in the tissue they 

50 extravasate into for residence.  A comprehensive review of adipokine release from AT 

51 concluded that non-fat cells, mostly macrophages, release the majority of the inflammatory 

52 adipokines that are increased in the obese state (3).  Some of the adipokines found at higher 

53 circulating levels in obese individuals include interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-

54 α, monocyte chemoattractant protein (MCP)-1, and leptin (3).  Of these adipokines, leptin is the 
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55 only one that is primarily produced by the adipocytes (3).  Leptin is positively correlated with 

56 obesity and has a major role in regulation of energy homeostasis (4) through its function as a 

57 signal in the feedback loop that controls food intake and body weight (5).  Leptin also has 

58 effects on both the innate and adaptive branches of the immune system.  With regards to 

59 monocytes/macrophages, which express the functional leptin receptor (6, 7), this adipokine has 

60 been implicated in modulation of cytokine production (7), phagocytosis (8), and differentiation 

61 of monocytes into pro-inflammatory M1 macrophages (9, 10).  Unno et al. (11) reported that 

62 nitric oxide (NO), a signaling molecule that is readily produced by activated macrophages, 

63 downregulated leptin expression at both the protein and mRNA level in murine adipocytes 

64 (3T3-L1 cell line).  The NO used in the study was derived from various NO donors (NOC7, 

65 NOC18, and GSNO) and autocrinally from the adipocytes.  There are currently no reports on the 

66 effects of macrophage-derived adipokines, including NO, on leptin production by adipocytes.

67 The inflamed microenvironment caused by AT-derived adipokines in the obese state 

68 drives immune cell recruitment (3, 12, 13), increasing the percentage of macrophages residing 

69 in obese compared to lean AT.  In lean AT, macrophages make up ~10% of cells (14) and mostly 

70 exhibit the alternatively activated (M2) anti-inflammatory phenotype.  M2 macrophages have 

71 housekeeping functions ranging from immune surveillance to clearance of cellular debris and 

72 lipid buffering (15).  In obese AT there is an increase in total macrophage numbers (making up 

73 to 50-60% of AT) as well as in the number of macrophages exhibiting a classically activated or 

74 M1, pro-inflammatory phenotype (14, 16).  Pro-inflammatory M1 macrophages express higher 

75 levels of TNF-α and inducible nitric oxide synthase (iNOS) (16).  Using DNA microarray gene 

76 analyses, Yamashita et al. (17) concluded that low levels (1 ng/ml) of bacterial 
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77 lipopolysaccharide (LPS) drive RAW264.7 murine macrophages to differentiate into M1 

78 macrophages, increasing expression of cyclooxygenase-2, iNOS, TNF-α, and activation of NF-B.  

79 Factors that increase monocyte recruitment to obese AT and their differentiation into the M1 

80 macrophage phenotype include hypertrophy of adipocytes (18), the aforementioned release of 

81 inflammatory adipokines and chemokines by AT (19, 20), and increased presence of 

82 hypoxic/apoptotic adipocytes (21).  Adipocyte survival and maturation/differentiation is 

83 affected by increases in M1 macrophage numbers in AT, resulting in a decrease in adipocyte 

84 hyperplasia--the production of new adipocytes--during times of chronic positive energy 

85 balance, and instead favoring hypertrophy of already existing adipocytes (2).  Hypertrophic 

86 adipocytes are associated with augmented inflammation and dysfunctional insulin sensitivity 

87 (22).  Inflammatory adipokines released by M1 macrophages, like TNF-α and IL-6, can block 

88 insulin action in adipocytes via autocrine/paracrine mechanisms (12), linking the increased 

89 macrophage recruitment and M1 polarization observed in obese AT with impaired insulin 

90 sensitivity.  These inflammatory adipokines also result in adipocyte mitochondrial 

91 dysregulation, through an increased release of reactive oxygen species and mitochondrial 

92 fragmentation, adding a further layer of complexity to the adipocyte-macrophage crosstalk and 

93 potentiation of inflammation in obese adipose tissue (23).  

94 In review, increased energy storage associated with obesity causes hypertrophic, 

95 hypoxic, and apoptotic adipocytes that release increasing amounts of inflammatory adipokines.  

96 The inflamed microenvironment favors recruitment of macrophages toward obese AT and 

97 polarizes them toward the M1 inflammatory phenotype which, in turn, release macrophage-

98 specific inflammatory adipokines that further support adipocyte hypertrophy and recruitment 
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99 of monocytes from circulation, creating an inflammatory loop.  The cross-talk between 

100 macrophages and adipocytes and their precursors is central to the investigation of AT-derived 

101 inflammation, as it maintains the inflammatory loop and aids in the recruitment of new 

102 macrophages that will likely develop an M1 phenotype (13).

103 The main objective of this research was to determine the effects of co-incubating 

104 murine 3T3-L1 adipocytes and activated RAW264.7 macrophages on the production of two 

105 inflammatory adipokines--IL-6 and leptin—by these two cells types.  Specifically, we wanted to 

106 test if activation status of the macrophages would exert paracrine effects on the mature 

107 adipocytes, as measured by secretion of leptin, an adipocyte-specific adipokine. These 

108 objectives were tested through the use of Transwell inserts (0.4 m pore size), which allow for 

109 the co-incubation of different cell lines and exposure of one cell line to products secreted by 

110 the other cell line.  We also examined if there was a difference in the amount of cell-secreted 

111 products quantified in the cell-conditioned media collected from macrophage-containing 

112 Transwells and adipocyte-containing wells.  Sampling each cell types’ microenvironment would 

113 allow us to detect the potential subtle signaling dynamics that exist between these cells.

114

115 Materials and Methods

116 Reagents and materials

117 Murine fibroblast (3T3-L1, cat no. CL-173) and macrophage (RAW 264.7, cat no. TIB-71) 

118 immortalized cell lines were purchased from ATCC (Manassass, VA). Dulbecco’s modified 

119 Eagle’s medium (DMEM), phosphate buffered saline (PBS), fetal bovine serum (FBS), penicillin-

120 streptomycin, and polystyrene 6-well plates were purchased from Fisher Scientific (Pittsburg, 
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121 PA). The IL-6 and leptin enzyme-linked immunosorbent assay (ELISA) was purchased from R&D 

122 systems (Minneapolis, MN), while the Griess assay for nitric oxide (NO) quantification was 

123 obtained from Promega (Madison, WI). Trypan blue, insulin, dexamethasone (DEX), d-biotin, 3-

124 isobutyl-1-methylxanthine (IBMX), Trypsin-EDTA 0.25%, and lipopolysaccharide (LPS) were 

125 purchased from Sigma-Aldrich (St Louis, MO). Transwell permeable supports (0.4 m pore size, 

126 12mm diameter, polyester membrane) and 12-well plates (polystyrene) were obtained from 

127 Corning Costar (Corning, NY).  

128

129 3T3-L1 cell maintenance, culture, and differentiation into mature adipocytes

130 The 3T3-L1 cell line must be differentiated from a fibroblast phenotype into its final, 

131 mature adipocyte phenotype containing lipid droplets. To do this, cells were incubated in 12-

132 well plates, in a 5% CO2 humidified atmosphere, and were kept in the undifferentiated 

133 fibroblast phenotype at less than 50% confluency during sub-culturing.  Detachment of cell 

134 monolayer for sub-culturing was performed via trypsinization.  Growth medium for 3T3-L1 cells 

135 consisted of DMEM, 10% (v/v) heat-inactivated FBS, 1% antibiotics (100 U/ml penicillin and 100 

136 g/ml streptomycin), and 0.008 g/ml D-biotin.  Differentiation into the adipocyte phenotype 

137 was performed as described by Zebisch et al. (24). Briefly, three days after cells reached ~90% 

138 confluency and started to clump together and lose fibroblast morphology, they were washed 

139 with 1X PBS and treated with a differentiation cocktail consisting of growth medium 

140 supplemented with 0.05 M IBMX, 1 M DEX, and 20 g/ml insulin.  Forty-eight hours after 

141 addition of the differentiation cocktail, the cells were washed with 1X PBS and treated with 

142 post-differentiation medium consisting of growth medium supplemented with 20 g/ml insulin.  
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143 Treatment with post-differentiation medium was performed every forty-eight hours for a total 

144 of four times.  At the end of the differentiation period lipid droplets inside the adipocytes could 

145 be visualized using an inverted microscope. 

146

147 RAW 264.7 cell maintenance and culture

148 RAW 264.7 cells were grown in polystyrene 6-well plates with DMEM supplemented 

149 with 10% (v/v) heat-inactivated FBS and 1% antibiotics (100 U/ml penicillin and 100 g/ml 

150 streptomycin). Cells were incubated in a 95% O2 and 5% CO2 humidified atmosphere. During 

151 initial expansion, the medium was changed every two days after washing cells with 1X PBS. 

152 Cells were not grown beyond 80% confluency during expansion.  Detachment of cell monolayer 

153 for sub-culturing was performed with the cell scraping method.  When cells reached 80% 

154 confluency, they were transferred to Transwell inserts to commence the co-incubation 

155 experiments.  

156

157 RAW 264.7 cell activation

158 A concentration of 0.01 g/ml of LPS was used and three methods of LPS challenge for 

159 co-incubation experiments were tested: macrophages in 6-well plate were washed, 

160 resuspended (via scraping) in fresh medium, transferred to Transwell inserts and challenged 

161 with LPS that was added into the Transwell compartment (3T3+RAW+LPS); macrophages were 

162 challenged with LPS for 24 h while in well of 6-well plate, were then washed, resuspended (via 

163 scraping) in fresh medium, and transferred to Transwell insert (3T3+StimRAW); and 

164 macrophages were challenged with LPS for 24 h while in well of 6-well plate and then 
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165 resuspended (via scraping) and transferred to Transwell insert along with the conditioned 

166 media (3T3+StimRAW+CondMed).  Non-LPS-challenged macrophages were co-incubated with 

167 adipocytes as a control (3T3+RAW).

168

169 Quantification of Nitric Oxide (NO) Production

170 Macrophage activation was quantified via measurement of NO levels.  Nitric oxide 

171 production by the macrophages was determined through quantifying nitrite levels in cell-

172 conditioned media using the Griess assay. Briefly, 50 L of cell conditioned media were added 

173 in triplicate to a 96-well plate and mixed with 50 L of sulfanilamide solution and allowed to 

174 incubate for 10 min.  Following the incubation, 50 L of N-1-naphthylethylenediamine (NED) 

175 were added to each well, followed by a 10 min incubation.  After the second incubation, 

176 absorbance was measured at 530 nm.  Nitrite concentrations were determined by extrapolating 

177 absorbance measurements from a 0-100 M standard curve. An Epoch plate reader (BioTek 

178 Instruments, Winooski, VT) was used for absorbance measurements.

179

180 Co-incubation of RAW 264.7 and 3T3-L1 cells using Transwell Inserts

181 Several co-incubation methodologies were tested to determine if they resulted in 

182 different activation level of the macrophages, as measured by NO and IL-6 levels in cell-

183 conditioned medium.  Additionally, leptin levels in cell-conditioned medium were measured to 

184 test if activation state of the macrophages affected production of this adipokine by the mature 

185 adipocytes.  Three methods of macrophage stimulation/co-incubation were tested.  Mature 

186 adipocytes (differentiated according to the steps described in section 2.2) in 12-well plates 
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187 were co-incubated with macrophages stimulated with LPS as described in the section 2.4: 1. 

188 3T3+RAW+LPS, 2. 3T3+StimRAW, and 3. 3T3+StimRAW+CondMed. Additionally, adipocytes 

189 were co-incubated with unstimulated RAW264.7 cells resuspended in fresh medium (3T3+RAW) 

190 as a control.  On average, 8.0x105 macrophages were plated onto each Transwell insert in a 

191 total of 500 l. Twenty-four hours after co-incubation commenced, media was collected 

192 separately from the Transwell inserts and wells, transferred to 1.5 ml microcentrifuge tubes, 

193 and stored at -20°C until used for IL-6, leptin, and NO quantification.  Wells were run in 

194 duplicate and experiments were performed four times.

195

196 Quantification of Adipokine Production

197 Analyses of cell conditioned media for determination of adipokine levels were done 

198 using IL-6 and leptin sandwich ELISAs according to manufacturer’s instructions. Samples were 

199 tested in triplicate, and a standard curve was produced and used to extrapolate the cytokine 

200 concentrations in the samples. Samples measuring > 500 pg/ml (highest standard) were diluted, 

201 re-quantified, and results were adjusted taking the dilution factor into account.  An Epoch plate 

202 reader was used for absorbance measurements.

203

204 Statistical analyses

205 Statistical analyses were done using JMP Pro 13 (Cary, NC).  Non-normal data were 

206 normalized using a log transformation.  Matched paired t-tests were used to determine 

207 differences in NO, IL-6, and leptin levels between cell-conditioned medium collected from 

208 Transwell inserts containing macrophages and wells containing adipocytes.  In order to 
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209 determine differences in NO, IL-6, and leptin produced by control and LPS-challenged cells, 

210 Student’s t-tests were used.  Linear regression analyses were used to test relationships 

211 between IL-6, NO, and leptin.  Interleukin-6, leptin, and NO concentrations in cell conditioned 

212 media were analyzed using the general mixed linear model.  All statistical analyses were 

213 conducted using JMP Pro 15 (SAS, Cary, North Carolina).  The sources of variation included 

214 experiment, treatment, experiment x treatment interaction, and well nested within experiment 

215 x treatment interaction. The experiment, treatment x experiment interaction, and well nested 

216 within experiment x treatment interaction were considered as random variables. When 

217 treatment effects were detected, means were separated using Tukey’s HSD.  The level of 

218 significance was defined at p < 0.05.  Experimental results are expressed as mean ± SE.

219

220 Results

221 Differential effects of LPS on NO, IL-6, and leptin production in murine macrophage and 

222 adipocytes 

223 In order to determine the effect of an LPS challenge on macrophage activation (as 

224 measured by NO production), IL-6, and leptin production by murine macrophages and 

225 adipocytes, a series of control experiments were performed on the isolated cell lines. The RAW 

226 264.7 macrophages were grown to 80-85% confluence, while 3T3-L1 cells were differentiated 

227 into the mature adipocyte phenotype, at which time LPS was added (0.01 g/ml) and allowed 

228 to incubate for a period of 6 hours.  Lipopolysaccharide challenge resulted in an increase in 

229 macrophage activation, as measured by increased NO production (Figure 1a; student’s t-test, p 

230 < 0.0001), and IL-6 production (Figure 1b; student’s t-test, p < 0.0001), and increased IL-6 
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231 production by mature adipocytes (Figure 1b; t-test, p=0.001).  Nitric oxide production by 

232 mature adipocytes was negligible and did not differ between control and LPS-challenged cells 

233 (Figure 1a; student’s t-test, p = 0.58), while murine macrophages did not produce quantifiable 

234 amounts of leptin in either the control or LPS-challenged conditions (Figure 1c).  Adipocytes 

235 produced similar amounts of leptin in either the absence or presence of LPS (965.8 ± 648.2 vs 

236 741.5 ± 413.2 pg/ml) (Figure 1c; student’s t-test, p = 0.43). 

237

238 Fig 1. Nitric oxide (NO; M, panel a), interleukin-6 (IL-6; pg/ml, panel b), and leptin (pg/ml, 

239 panel c) production by control and LPS-stimulated murine macrophages (RAW264.7) and 

240 adipocytes (3T3-L1). Adipokine concentrations in control and LPS-stimulated cells were 

241 compared using a Student’s t-test. Data represent least squares means ± SEM of 4 independent 

242 experiments. There was no quantifiable leptin production by RAW 264.7 cells.  Significant 

243 treatment differences are represented with an asterisk (*) (p<0.05). 

244

245 Differences in amounts of molecules quantified between Transwell inserts and wells

246 Although the pores of the Transwell insert membrane are large enough (0.4 m) to 

247 allow the diffusion of molecules of varying sizes from areas of higher to lower concentration, 

248 we considered that at the time of sampling equilibrium might not have been reached, resulting 

249 in differences in microenvironment between the Transwell inserts and the wells.  At the end of 

250 the co-incubation experiments we sampled cell-conditioned media from these two 

251 compartments and measured NO, IL-6, and leptin levels in them separately (Table 1).  Higher 

252 amounts of the leptin adipokine were observed in adipocyte-containing wells (627.1 ± 47.5 
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253 pg/ml) compared to macrophage-containing Transwell inserts (478.2 ± 47.5 pg/ml) (Table 1; 

254 matched pairs t-test, p = 0.004).  These findings are unsurprising as leptin is mostly, if not 

255 exclusively, produced by adipocytes, which were localized in the well compartment.  The 

256 difference in leptin levels in wells and Transwells indicates that if leptin is traveling across the 

257 Transwell insert membrane, at the time of sampling levels of the molecule had not reached 

258 equilibrium.  There were no significant differences in the amounts of NO and IL-6 quantified in 

259 the macrophage-containing Transwell inserts compared to the adipocyte-containing wells 

260 (Table 1).  The low levels of NO and IL-6 produced by control and LPS-challenged adipocytes 

261 (Figures 1a and 1b) suggest that these molecules are produced by macrophages and traveling 

262 across the Transwell membrane into the well compartment. 

263

264

.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 July 27, 2021. ; https://doi.org/10.1101/2021.07.27.454005doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.27.454005
http://creativecommons.org/licenses/by/4.0/


14

265 Table 1. Differences in NO, IL-6, and leptin amounts quantified between macrophage-

266 containing Transwell inserts and adipocyte-containing wells (across treatments). Matched Pairs 

267 t-tests with p<0.05 indicate significant difference in amount of molecule measured in 

268 Transwells and wells. 

olecule Average amount of molecule in 

Transwell (Macrophages)

Average amount of 

molecule in Well 

(Adipocytes)

Difference between 

Transwell and Well 

(Matched Pairs t-test)

NO (M) 7.2 ± 1.0 6.0 ± 1.0 p=0.26

IL-6 (pg/ml) 1172.2 ± 122.0 1115.76 ± 122.0 p=0.65

Leptin (pg/ml) 478.2 ± 47.5 627.1 ± 47.5 p=0.004*

269

270 Effect of macrophage activation status on NO, IL-6, and leptin levels

271 We were interested in testing if different methods of macrophages activation resulted 

272 in quantifiable differences in NO and IL-6 production.  Specifically, we challenged macrophages 

273 with LPS (6 h) at time of co-incubation with adipocytes (3T3+RAW+LPS) or challenged them 

274 with LPS for 6 h before co-incubation with adipocytes and then either co-incubated the 

275 adipocytes with the previously LPS-challenged macrophages resuspended in fresh media 

276 (3T3+StimRAW) or in their conditioned media (3T3+stimRAW+CondMed).  

277 As expected, the co-incubation methodologies with LPS-challenged macrophages 

278 (3T3+RAW+LPS,) resulted in higher NO (Figures 2b) and IL-6 (Figures 3b and 3c) production 

279 compared to the control with unstimulated macrophages (3T3+RAW) (general mixed linear 

280 model, p<0.0001).  When measuring adipokine levels in cell-conditioned media from Transwell 

281 inserts, we observed no differences in levels of molecules that indicate macrophage activation 
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282 (NO, IL-6) among the three co-incubation methodologies containing LPS-challenged 

283 macrophages, regardless of if the cells were activated before or during plating onto the 

284 Transwell inserts, or if fresh or conditioned media was used (Figures 2b, 2c, 3b and 3c; general 

285 mixed linear model, p<0.001).  Interestingly, in the well compartment there were no differences 

286 in NO levels among control and the LPS-challenged macrophage treatments (Figure 2c; general 

287 mixed linear model, p=0.05), while IL-6 levels were significantly higher in those treatments 

288 containing activated macrophages (Figure 3c; general mixed linear model, p<0.0001).

289

290 Fig 2. Mean nitric oxide (NO; M) production across treatments in Transwells and wells 

291 (panel a) and for different co-incubation methods of 3T3-L1+RAW cells (Transwells=panel b; 

292 wells=panel c). NO levels in macrophage-containing Transwell inserts vs adipocyte-containing 

293 wells did not differ (matched-pairs t-test, p=0.26; panel a).   NO concentrations for the various 

294 co-incubation methods (“treatment”) were compared using a general mixed linear model, 

295 followed by post-hoc Tukey-Kramer HSD. Data represent least squares means ± SEM of 4 

296 independent experiments. Significant treatment differences are represented with different 

297 letters (p<0.05).

298

299 Fig 3. Mean interleukin-6 (IL-6; pg/ml) production across treatments in Transwells and wells 

300 (panel a) and for different co-incubation methods of 3T3-L1+RAW cells (Transwells=panel b; 

301 wells=panel c).  IL-6 levels in macrophage-containing Transwell inserts vs adipocyte-containing 

302 wells did not differ (matched-pairs t-test, p=0.65; panel a).  IL-6 concentrations for the various 

303 co-incubation methods (“treatment”) were compared using a general mixed linear model, 
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304 followed by post-hoc Tukey-Kramer HSD. Data represent least squares means ± SEM of 4 

305 independent experiments. Significant treatment differences are represented with different 

306 letters (p<0.05).

307

308 Higher amounts of the leptin adipokine were observed in adipocyte-containing wells 

309 compared to macrophage-containing Transwells (Fig 1a) but macrophage activation status did 

310 not have an effect on leptin levels in either the macrophage-containing Transwell inserts (Figure 

311 4b) or adipocyte-containing wells (Figure 4c). 

312

313 Fig 4.   Mean leptin (pg/ml) production in Transwells and wells (panel a) and for different co-

314 incubation methods of 3T3-L1+RAW cells (panels b and c). Leptin levels in macrophage-

315 containing Transwell inserts were lower than for adipocyte-containing wells (matched-pairs t-

316 test, p=0.004; panel a).  Leptin concentrations for the various co-incubation methods 

317 (“treatment”) were compared using a general mixed linear model, followed by post-hoc Tukey-

318 Kramer HSD. Data represent least squares means ± SEM of 4 independent experiments. There 

319 were no treatment effects on leptin levels in Transwell inserts or wells. 

320

321 Relationships between molecules 

322 In Transwell inserts a trend for a negative linear relationship between levels of NO and 

323 leptin was observed (Figure 5a; linear regression, p=0.09), while a significant negative linear 

324 relationship between levels of NO and leptin was present in wells (Figure 5c; linear regression, 

325 p=0.03). There was no relationship between leptin and IL-6 levels in either wells or Transwell 
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326 inserts (Figures 5b and 5d).  It is important to highlight that the low coefficients of 

327 determinations (R2) for the relationships between NO and leptin indicate that there are high 

328 levels of variability in leptin levels that cannot be explained by NO levels.

329

330 Fig 5. Relationship between NO and leptin and IL-6 and leptin concentrations measured in 

331 Transwell inserts (a and b) and wells (c and d). We observed a trend for a negative relationship 

332 between NO and leptin levels measured in Transwells (panel a; p=0.09, linear regression), and a 

333 significant negative relationship between these two molecules in wells (panel c; p=0.03, linear 

334 regression). There was no significant relationship between IL-6 and leptin levels in either 

335 Transwells (panel b) or wells (panel d). 

336

337 Discussion 

338 There were significant differences in amounts of NO and leptin measured in Transwells 

339 and wells.  Higher NO levels were observed in cell-conditioned media collected from the 

340 macrophage-containing Transwells, while the cell-conditioned media collected from adipocyte-

341 containing wells contained higher levels of leptin.  This is logical, as macrophages are the major 

342 contributors to NO while adipocytes are the major contributors to leptin in the cell-conditioned 

343 media.  The assay used to determine NO levels measures concentrations of nitrite (NO-
2), a 

344 small molecule (46 Da) that would be expected to travel through the pores of the Transwell 

345 membrane (0.4 m size).  Diffusion of nitrite through the pores of the inserts would explain 

346 why there were quantifiable amounts of this molecule in the adipocyte-containing wells.  Unno 

347 et al. (11) reported that 3T3-L1 adipocytes treated with an interferon (IFN)- -LPS (10 ng/ml-5 
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348 g/ml) mixture for 24 h had significantly increased expression of inducible nitric oxide synthase 

349 (iNOS) as well as of nitrite and nitrate released into culture medium, compared to untreated 

350 adipocytes.  Dobashi et al. (25) treated differentiated 3T3-L1 adipocytes with 1 g/ml LPS for 48 

351 h and saw no significant increase in NO production by adipocytes compared to non-LPS treated 

352 cells, suggesting that IFN- drives iNOS expression in 3T3-L1 cells to a larger extent than LPS.  

353 Our results support this idea, as in control experiments we did not observe a significant effect 

354 of LPS challenge on adipocyte-derived NO production (Figure 1b).  Taking these results into 

355 account we hypothesize that in our co-incubation system the presence of NO in wells is due to 

356 diffusion of macrophage-derived NO from the Transwell inserts into the wells.  

357 Despite the differences in NO measured between Transwells and wells, IL-6 levels in 

358 cell-conditioned media collected from these two compartments were similar.  Adipocytes 

359 produce IL-6 under the action of LPS (26) but it is unlikely that the lack of difference in IL-6 

360 levels between the Transwells and wells is due to adipocyte-secreted IL-6, since the control 

361 experiments showed that LPS-challenged adipocytes produced about a sixth the amount of IL-6 

362 under the action of LPS compared to macrophages (RAW: 1371.8 ± 682.9; 3T3: 225.9 ± 73.4 

363 pg/ml; Figure 1b).  We also suspect that LPS is not able to travel across the membrane of the 

364 Transwell insert, where it was added to the macrophages.  Although the small size of the LPS 

365 molecule (4.3 kDa) means that it is possible for it to travel across the Transwell insert 

366 membrane, its heterogeneous nature can result in aggregates of varying sizes.  These 

367 aggregates can range in size from 1000-4000 kDa (27), which would be too large to travel 

368 through the 0.4 m pore size of the membrane.  It is more plausible that IL-6, with a 21 kDa 

369 size, is small enough to diffuse across the Transwell membrane which would allow for 
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370 equilibrium to be reached between the macrophage and adipocyte-containing compartments. 

371 The possibility that IL-6 production by macrophages could start leveling off before that of NO 

372 would explain the difference in NO levels observed between Transwells and wells, and the lack 

373 of difference observed for IL-6.  We should consider that if LPS is traveling across the Transwell 

374 membrane it could be having a more pronounced effect on the co-incubated adipocytes than 

375 demonstrated in the control experiments that tested the effects of this endotoxin on the 

376 isolated cell lines.  Yamashita et al. (28) found that IL-6 production was markedly up-regulated 

377 in adipocytes co-cultured with macrophages in the presence of LPS, compared to stimulating 

378 each cell line separately with the endotoxin.  It is unlikely that in our system the IL-6 quantified 

379 in the wells is derived from the adipocytes, as levels of this adipokine are similar in cell-

380 conditioned media from wells containing adipocytes co-incubated with macrophages in the 

381 presence of LPS (3T3+RAW+LPS) and wells containing adipocytes co-incubated with previously 

382 LPS-activated macrophages that were washed and resuspended in fresh medium (removing 

383 LPS) at the time of co-incubation (3T3+StimRAW).

384 The adipocyte-specific adipokine leptin was found in higher quantities in the wells, 

385 where the adipocytes resided.  Temporal differences in expression of the leptin gene and 

386 production of the protein could explain the difference in Transwell vs well concentrations.  The 

387 leptin molecule, at 16 kDa, is smaller than IL-6, which would allow it to travel across the 

388 Transwell membrane. If leptin secretion by the adipocytes is occurring 24 h post co-incubation, 

389 this would explain why levels of this adipokine are different between Transwells and wells 

390 during collection of cell-conditioned media.  Our data show that there is basal leptin production 

391 by the adipocytes that is not dependent on LPS stimulation, as adipocytes exposed to the 
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392 control treatment secreted the same amount of this adipokine as adipocytes co-incubated with 

393 LPS.  Previous reports have found that both physiological and pathological levels of leptin do 

394 not induce the expression of IL-6 in murine macrophages, but that it augments the effect of LPS 

395 in inducing IL-6 expression by priming macrophages to be more responsive to this endotoxin 

396 and that this synergistic effect is mediated by interleukin-receptor associated kinase (IRAK)-1 

397 (29).  It is difficult to extrapolate these results to our own, since in our system we did not 

398 observe a difference in IL-6 levels between control experiments (macrophages activated with 

399 LPS) and macrophages in the co-incubation system which were activated with LPS and exposed 

400 to adipocyte-derived leptin.   Furthermore, activation status of the macrophages did not affect 

401 leptin production although there appeared to be a weak relationship between leptin and NO 

402 levels, with leptin levels decreasing as NO levels increased. These results match what was 

403 observed by Unno et al. (11), who treated differentiated 3T3-L1 cells with an INF--LPS mixture 

404 and observed a significant induction of iNOS and decrease in leptin at both the protein and 

405 mRNA levels.  We need to take into account that despite the observed significant relationship 

406 between these molecules, the low R2 values indicate that there are other factors influencing 

407 this relationship.  Use of INF-, in addition to LPS, in these co-incubation experiments could help 

408 clarify the relationship between leptin and NO in adipocytes.  We also need to consider that the 

409 NO present in our system is mostly derived from macrophages, while in Unno’s system NO was 

410 produced autocrinally by the adipocytes or due to the synergistic effect of LPS and INF-.  Nitric 

411 oxide might have differential autocrine and paracrine effects on leptin protein and gene 

412 expression in adipocytes. This is a question that warrants further investigation in order to 
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413 better understand the effects macrophage-derived NO could potentially have on mature 

414 adipocytes in this co-incubation system.

415 As a methodology, co-incubation of activated macrophages and fully differentiated 

416 adipocytes can help answer questions about macrophage-adipocyte interactions in AT and 

417 provide insights into how to blunt the inflammatory loop observed in obese AT.  Research on 

418 this subject suggests that monocyte/macrophage recruitment into obese AT is an early 

419 contributor to this loop by virtue of macrophages having a bigger role in the secretion of 

420 inflammatory adipokines compared to adipocytes (3, 13).  The polarization of macrophages 

421 toward the M1 phenotype as they arrive in obese AT is presumably directed by the 

422 microenvironment encountered by the macrophages, which is mostly set by the adipocytes 

423 residing in the tissue (3, 30, 12).  We wanted to examine if activation of macrophages before or 

424 during plating affected secretion of inflammatory molecules, like NO and IL-6, by these cells and 

425 if activation status of the macrophages had an effect on production of the adipocyte-specific 

426 inflammatory adipokine leptin.  Results from these experiments can help clarify the role of 

427 macrophage-derived adipokines on the initiation of the macrophage-adipocyte inflammatory 

428 loop observed in obese adipose tissue.

429 We did not observe significant difference in NO or IL-6 production from macrophages 

430 regardless of if LPS was added before plating or during plating onto Transwells.  As expected, 

431 increased NO production by the macrophages, a sign of macrophage activation, was 

432 accompanied by increased production of IL-6.  Release of IL-6 by macrophages suggests that 

433 these macrophages are taking on an M1 phenotype, which is expected during LPS activation 

434 (31).  Although the three methodologies of macrophage activation tested did not result in 
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435 significant differences in NO and IL-6 production, it is important to note that at the time of cell-

436 conditioned media collection, the media from macrophages plated in conditioned media 

437 (3T3+StimRAW+CondMed) contained secreted products for a 30 h time period while 

438 macrophages in fresh media (3T3+StimRAW) or with LPS added at time of plating 

439 (3T3+RAW+LPS) contained 24 h of secreted products (Figures 2 and 3).  Levels of NO produced 

440 by activated macrophages plated in fresh media were similar to levels of NO produced by 

441 unstimulated macrophages suggesting that in this specific cell culture system these cells 

442 produced basal amounts of NO without LPS activation.  This could be explained by activation of 

443 the macrophages as they are transferred from their original culture system (6-well plate) to the 

444 Transwells via the cell scraping method.  On the other hand, quantified IL-6 levels were 

445 significantly higher in cell-conditioned media collected from activated macrophages plated in 

446 fresh media compared to unstimulated macrophages indicating that in this cell culture 

447 methodology challenging RAW 264.7 cells with LPS has a more pronounced and/or prolonged 

448 effect on production and release of IL-6 compared to NO.  

449 In conclusion, the presence of LPS-stimulated macrophages in the co-incubation system 

450 did not affect leptin release by the mature adipocytes, as the adipocytes produced similar leptin 

451 levels when co-incubated with activated macrophages (3T3+RAW+LPS, 3T3+StimRAW, 

452 3T3+StimRAW+CondMed) as when co-incubated with unstimulated macrophages (3T3+RAW) 

453 (Figure 4).  Our results also highlight the importance of sampling and analyzing the macrophage 

454 and adipocyte-containing microenvironments (Transwells and wells, respectively) separately in 

455 order to detect the subtle signaling dynamics that are important in the paracrine conversation 

456 occurring between these cell types.  The methodologies presented here can be adopted for the 
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457 study of macrophage-adipocyte interactions, including cellular communication, chemotaxis 

458 studies, and effects of macrophage-derived molecules on adipocyte differentiation and 

459 mitochondrial function, among other research areas.  Constant et al. (32) stated that the ERK 

460 1/2-driven antiadipogenic effect of macrophage cell-conditioned media on adipocytes occurred 

461 during the first 2 days of the 8-day adipocyte differentiation period.  The co-incubation 

462 protocols we have developed can be modified to test cellular communication between these 

463 two cell types at different time points, allowing for further analyses of temporal interactions.  

464 Transwell inserts with larger pore sizes (3-5 m) can be used for migration and chemotaxis 

465 studies that can help answer questions about macrophages recruitment into obese AT, which 

466 appears to be one of the early steps in setting up the macrophage-adipocyte inflammatory 

467 loop.  
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