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ABSTRACT 31 

 32 

Pro-inflammatory pathways in adipose tissue macrophages (ATMs) can impair glucose 33 

tolerance in obesity, but ATMs may also be beneficial as repositories for excess lipid that 34 

adipocytes are unable to store. To test this hypothesis, we selectively targeted visceral 35 

ATMs in obese mice with siRNA against lipoprotein lipase (LPL), leaving macrophages 36 

within other organs unaffected.  Selective silencing of ATM LPL decreased foam cell 37 

formation in visceral adipose tissue of obese mice, consistent with a reduced supply of 38 

fatty acids from VLDL hydrolysis.  Unexpectedly, silencing LPL also decreased the 39 

expression of genes involved in fatty acid uptake (CD36) and esterification in ATMs. 40 

This deficit in fatty acid uptake capacity was associated with increased circulating serum 41 

free fatty acids (FFAs). Importantly, ATM LPL silencing also caused a marked increase 42 

in circulating fatty acid binding protein 4 (fabp4/aP2), an adipocyte-derived lipid 43 

chaperon previously reported to induce liver insulin resistance and glucose intolerance. 44 

Consistent with this concept, obese mice with LPL-depleted ATMs exhibited higher 45 

hepatic glucose production from pyruvate and glucose intolerance. Silencing CD36 in 46 

ATM also promoted glucose intolerance.  Taken together, the data indicate that LPL 47 

secreted by ATMs enhances their ability to sequester excess lipid in obese mice, 48 

promoting systemic glucose tolerance. 49 

 50 

 51 
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  54 



INTRODUCTION 55 

 56 

The inability to appropriately expand adipose tissue (AT) in human obesity may lead to 57 

ectopic lipid deposition in liver and skeletal muscle, and may be an underlying cause of 58 

insulin resistance (14, 17, 26). Accumulation of immune cells including macrophages in 59 

the visceral AT of obese mice and humans creates a chronic inflammatory state that 60 

correlates with insulin resistance (18, 23, 30). These ATMs secrete cytokines and other 61 

factors that may impair adipocyte capacity to store lipids (18, 23, 30), promoting the 62 

ectopic deposition of lipid in non-adipose tissues. However, some data indicate a 63 

beneficial role of ATMs, for example, in increasing adipose lipid storage (16). ATMs are 64 

also required for maintenance of AT homeostasis by regulating angiogenesis, 65 

extracellular matrix remodeling, and clearance of dead cells in AT (7, 11, 15, 24, 27). It is 66 

therefore likely that macrophages exert multiple, even opposing effects on adipocytes, 67 

depending upon physiological conditions.  68 

 69 

In order to determine if ATMs contribute to lipid storage and glucose tolerance, we 70 

silenced the expression of lipoprotein lipase (LPL) by ATMs. LPL is released by cells 71 

within AT and is translocated to the lumen of adipose capillaries, where it binds the 72 

glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1 73 

(GPIHBP1) (1, 21). LPL is known to control localized VLDL triglyceride hydrolysis and 74 

uptake of fatty acids into the tissue (1, 21). The contribution of macrophage-LPL in this 75 

function is suggested by experiments showing that depletion of macrophage LPL is 76 

effective in reducing lipid laden foam cell formation in arteries of LDL receptor null mice 77 

(5). Here we employed glucan encapsulated siRNA particles (GeRPs) to silence gene 78 

expression of LPL specifically in ATMs in obese mice without perturbing macrophages 79 

in other tissues, including liver (2, 3, 29). Such selective silencing of LPL in ATMs of 80 

obese mice, decreased foam cell formation in AT and caused a marked impairment in 81 

glucose tolerance, indicating ATMs contribute to beneficial lipid storage within AT.  82 

 83 

METHODS 84 

 85 



All procedures involving animals were approved by the Institutional Animal Care and 86 

Use Committee at the University of Massachusetts Medical School. 87 

 88 

Preparation of Glucan Encapsulated siRNA Particles (GeRPs) 89 

To load siRNA in glucan shells, 3 nmoles siRNA (Dharmacon) was incubated with 90 

50 nmoles Endo-Porter (Gene Tools) in 30 mM sodium acetate pH 4.8 for 15 min at RT 91 

in a final volume of 20 μl. The siRNA/Endo-Porter solution was added to 1 mg (≈10
9
) of 92 

glucan shells and then vortexed and incubated for 1 hour. The siRNA loaded GeRPs were 93 

then resuspended in PBS and sonicated to ensure homogeneity of the GeRP preparation. 94 

GeRPs were kept at 4°C.  95 

 96 

Peritoneal macrophage preparation 97 

Eight-week old C57BL6/J male mice were ip injected with 4% thioglycollate broth 98 

(Sigma-Aldrich). Five days following injection, the peritoneal cavity was washed with 99 

PBS and peritoneal fluid was filtered through a 70 μm diameter pore nylon mesh and 100 

centrifuged. The pellet was first treated with red blood cell lysis buffer and plated in 101 

DMEM supplemented with 10% fetal bovine serum (FBS), 50 μg/ml streptomycin and 50 102 

units/ml penicillin. 24 hours after isolation, the PECs (peritoneal exudate cells) were 103 

treated with siRNA.  104 

 105 

Gene silencing by siRNA/EP particles in vitro in cell culture 106 

160 pmoles siRNA (Dharmacon) was incubated with 3 nmoles EP in PBS for 15 min and 107 

added to 1x10
6
 cells. 48 hours after treatment mRNA, media or protein were harvested. 108 

 109 

GeRP administration and tissue isolation 110 

Eight week-old C57BL6/J or five week-old ob/ob male mice were ip injected once a day 111 

for five days with 5.6 mg/kg GeRPs loaded with 2.1 mg/kg EP and 0.262 mg/kg siRNA.  112 

Further analyses were performed 24 hours after the last injection. siRNA containing 113 

GeRPs are taken up by phagocytic cells such as dendritic cells, macrophages and 114 

neutrophils. 115 

 116 



 Isolation of adipocytes, stromal vascular fraction (SVF) and ATMs. 117 

Epididymal fat pads were mechanically dissociated using the gentleMACS Dissociator 118 

(Miltenyi Biotec) and collagenase digested at 37°C for 45 minutes, in Hank’s buffered 119 

saline solution (HBSS) (Gibco, Life technologies), containing 2% bovine serum albumin 120 

(American Bioanalytical) and 2 mg/ml collagenase (Sigma-Aldrich). Samples were then 121 

filtered through 100 m diameter pore nylon mesh and centrifuged. The adipocyte layer 122 

was collected and washed for further analysis. The pelleted cells were collected as the 123 

SVF. The SVF cells were then treated with red blood cell lysis buffer and washed in PBS 124 

and plated or directly harvested for further analysis. For ATM isolation, the SVF pellet 125 

was resuspended in 1 mL selection buffer (PBS, 2 mmol/L EDTA, and 0.5% BSA), and 126 

the CD11b-positive cells were selected using CD11b microbeads (Miltenyi Biotec), 127 

according to the manufacturer’s instructions. 128 

 129 

Isolation of RNA and Real Time PCR 130 

RNA isolation was performed according to the Trizol Reagent Protocol (Invitrogen). 131 

cDNA was synthesized from 0.5-1 µg of total RNA using iScript cDNA Synthesis Kit 132 

(Bio-Rad) according to the manufacturer’s instructions.  For real time PCR, synthesized 133 

cDNA, forward and reverse primers along with the iQ SYBR Green Supermix were run 134 

on the CFX96 Realtime PCR System (Bio-Rad). The ribosomal mRNA, 36B4 was used 135 

as an internal loading control, as its expression did not change over a 24 h period with the 136 

addition of LPS or siRNA against the genes used in this study.   137 

 138 

Western-Blot 139 

Protein samples were separated on a 12% SDS-polyacrylamide gel and transferred to a 140 

nitrocellulose membrane. Membranes were then analyzed by Western blot analysis using 141 

anti-LPL (Abcam) and anti-actin (Sigma-Aldrich) antibodies. 142 

 143 

Flow cytometry 144 

SVF cells from mice treated with FITC-GeRPs were incubated for 20 min in blocking 145 

buffer containing 1% BSA and Fc block (eBioscience) for 15 minutes at 4°C to block 146 

non-specific binding. Cells were then counted and incubated for an additional 20 minutes 147 



in the dark at 4°C with fluorophore-conjugated primary antibodies or isotype control 148 

antibodies (AbD Serotec). Antibodies used in these studies included: F4/80-APC (AbD 149 

Serotec), CD11b-PerCP-Cy5.5 (BD bioscience) and Bodipy-FITC (Invitrogen). 150 

Subsequently cells were analyzed by flow cytometry in a LSRII cytometer (BD 151 

Bioscience). FlowJo software (Treestar) was used to identify the different cell 152 

populations. 100,000 events were recorded. 153 

For sorting experiments, SVF cells were run through a FACS Vantage (BD Bioscience). 154 

Both FITC+ and FITC- populations were collected and RNA was harvested for RT-PCR. 155 

 156 

Microscopy 157 

For SVF, fixed cells were incubated with rat anti-mouse F4/80 primary antibody (AbD-158 

Serotec) followed by goat anti-rat Alexa fluor 594 secondary antibody (Invitrogen). Cells 159 

were mounted in Prolong Gold anti-fade with DAPI (Invitrogen).  160 

Cell images were obtained with a Solamere CSU10 Spinning Disk confocal system 161 

mounted on a Nikon TE2000-E2 inverted microscope.   162 

For tissues, fixed sections were H&E stained. Images were obtained using a Zeiss 163 

Axiovert 200 inverted microscope equipped with a Zeiss AxioCam HR CCD camera with 164 

1,300 × 1,030 pixels basic resolution and a Zeiss Plan NeoFluar 20×/0.50 Ph2 (DIC II) 165 

objective.  166 

 167 

Transmission electron microscopy 168 

Samples were processed and analyzed at the University of Massachusetts Medical School 169 

Electron Microscopy core facility according to standard procedures. Briefly, pieces of 170 

whole adipose tissue were fixed in 2.5% gluteraldehyde in 0.1 M Sodium Cacodylate 171 

buffer and left overnight at 4
o
C.  The samples were then rinsed twice in the same fixation 172 

buffer and post-fixed with 1% osmium tetroxide for 1h at room temperature.  Samples 173 

were then washed twice with DH2O for 5 minutes and then dehydrated through a graded 174 

ethanol series of 20% increments, before two changes in 100% ethanol.  Samples were 175 

then infiltrated first with two changes of 100% Propylene Oxide and then with a 176 

50%/50% propylene oxide / SPI-Pon 812 resin mixture.  The following day, three 177 

changes of fresh 100% SPI-Pon 812 resin were done before the samples were 178 



polymerized at 68
o
C in plastic capsules.  The samples were then thin sectioned and the 179 

sections were placed on copper support grids, and contrasted with Lead citrate and 180 

Uranyl acetate.  Sections were examined using the FEI Tecani 12 BT with 80Kv 181 

accelerating voltage, and images were captured using a Gatan TEM CCD camera. 182 

 183 

TG, LDL/VLDL, HDL cholesterol and FFA measurement 184 

TG, LDL/VLDL, HDL cholesterol and FFA concentration in serum and liver 185 

homogenate were measured using commercial kits according to manufacturer’s protocol 186 

(Cayman Chemical).  187 

 188 

Glucose and Pyruvate tolerance tests. 189 

Pyruvate and glucose tolerance tests were performed on ob/ob animals at five days after 190 

GeRP treatment. Pyruvate (1 g/kg) and glucose (1 g/kg) were administered by 191 

intraperitoneal injection. Blood samples were withdrawn from the tail vein at the 192 

indicated time, and glycemia was determined using glucometers (Bayer-Breeze 2 and 193 

Abbott alphatrak). 194 

 195 

Lipolysis assay 196 

Epididymal fat pads were manually cut in small pieces and collagenase digested at 37°C 197 

for 20 minutes in Hank’s buffered saline solution (HBSS) (Gibco, Life technologies) 198 

containing 2% bovine serum albumin (American Bioanalytical) and 2 mg/ml collagenase 199 

(Sigma-Aldrich). Samples were then filtered through 100 m diameter pore nylon mesh 200 

and centrifuged. The adipocyte layer and the supernatant were collected and washed 201 

twice with PBS. Adipocytes were then incubated at 37°C in KRH buffer (12.6 mM NaCl, 202 

0.14 M KCl, 1 M CaCl2, 1.2 M MgSO4, 1.2 M KHPO4, 1 M Hepes, pH 7.2) in absence or 203 

presence of 10 μM isoproterenol (Sigma) for 2 hours. The medium was collected and 204 

assayed for glycerol content by using a commercial colorimetric assay kit from Sigma as 205 

per manufacturer's protocol. 206 

 207 

aP2 secretion analysis 208 



Adipocytes were isolated from untreated ob/ob mice and incubated for 1 hour in DMEM 209 

containing 10% fetal bovine serum and 1% penicillin/streptomycin. Adipocytes were 210 

then washed in PBS and incubated for 1 hour in the different conditioned media. Next, 211 

fresh media was added to adipocytes and aP2 was measured after 1 hour. aP2 levels in 212 

media and serum were measured by ELISA (Biovendor) according to the manufacturer’s 213 

protocol. 214 

 215 

Statistics 216 

The statistical significance of the differences in the means of experimental groups was 217 

determined by Student’s t-test or one-way or two-way ANOVA analysis and Bonferroni 218 

or Tukey’s post-tests using GraphPad Prism 5.0a Software. The data are presented as the 219 

means ± s.e.m. 220 

 221 

 222 

RESULTS and DISCUSSION 223 

 224 

Lipid uptake by ATMs increases with obesity. 225 

 226 

Most relevant literature describes ATMs as detrimental to whole body metabolism 227 

through secretion of inflammatory cytokines and other factors that may impair adipocyte 228 

function (18, 23, 30). However, recent work has indicated a beneficial role of ATMs, for 229 

example, in increasing adipose lipid storage (16). To determine the role of ATM lipid 230 

handling in systemic metabolism, we first measured the effect of obesity on formation of 231 

lipid-laden macrophages in the AT.  Flow cytometry was performed on the stromal-232 

vascular fraction (SVF) of six-week old obese ob/ob mice and wild-type (WT) lean 233 

controls, using antibodies against the macrophage markers, F4/80 and CD11b, and the 234 

lipid stain, bodipy (Fig. 1). We first confirmed that macrophage content was increased in 235 

epididymal AT (Visceral AT; VAT) of ob/ob compared to WT mice (Data not shown). 236 

Consistent with previous studies (25), the percentage of lipid-laden macrophages (defined 237 

as bodipy+/F4/80+/CD11b+) was significantly increased in the VAT of ob/ob compared 238 

to WT mice (Fig. 1A-B).  To confirm the presence of foam cells in AT, fluorescence and 239 



transmission electron microscopy (TEM) were performed on epididymal SVF of ob/ob 240 

mice (Fig. 1C-D). Figure 1C shows a representative macrophage (F4/80, red) containing 241 

lipid droplets (bodipy, green). Interestingly, lipid-laden ATMs were multi-nucleated as 242 

previously described (31). The TEM image presented shows a macrophage with 243 

characteristics described in previous studies (19, 30), with lipid droplets (arrows), 244 

confirming the presence of lipid-laden macrophages in the VAT of ob/ob mice (Fig 1D). 245 

Together these data indicate that lipid uptake by macrophages in the VAT is increased 246 

with obesity. 247 

 248 

Consistent with an increased inflammatory state in the AT of obese mice, the expression 249 

of the inflammatory cytokines tumor necrosis factor alpha (TNF-α) and interleukin-1 beta 250 

(IL-1β) was significantly increased in ob/ob compared to WT AT (Fig. 1E). Surprisingly, 251 

while the expression of multiple genes involved in lipid uptake, synthesis and storage was 252 

decreased in the SVF of obese compared to WT animals, the expression of LPL was 253 

significantly higher in the SVF of obese compared to lean mice (Fig. 1E). Because the 254 

SVF contains multiple cell types, which could contribute to the variation in gene 255 

expression, we isolated ATMs using CD11b magnetic bead pull-down from WT and 256 

ob/ob AT. We then measured the expression of LPL as well as other genes involved in 257 

lipid metabolism, including fatty acid synthase (FASN), CD36, very-low-density 258 

lipoprotein receptor (VLDLr), peroxisome proliferator activated receptor γ (PPARγ), 259 

stearoyl-CoA desaturase-1 (SCD1) and fatty acid binding protein 4 (fabp4/aP2) (Fig. 1F). 260 

Similar to the SVF, only the expression of LPL was significantly increased in epididymal 261 

ATMs of ob/ob mice compared to their lean WT littermates (Fig. 1F). This finding is 262 

consistent with data showing ATMs mostly accumulate lipids via activation of lipid 263 

uptake rather than de novo lipogenesis (25).  264 

 265 

GeRP-mediated LPL silencing decreases lipid uptake by ATMs. 266 

 267 

Primary peritoneal macrophages were used to screen for potent siRNAs against LPL, and 268 

two sequences were chosen (Fig. 2A-B). Both siRNA sequences against the target gene 269 

significantly silenced the expression of LPL (Fig. 2A). Furthermore, LPL protein levels 270 



were significantly silenced by the targeting siRNAs compared to SCR siRNA or no 271 

treatment (Fig. 2B). These data reveal that LPL can be depleted by LPL siRNA in 272 

primary macrophages in vitro, as detected either at the mRNA or protein levels.  273 

 274 

To test the hypothesis that LPL is required for lipid uptake by macrophages in AT, LPL 275 

was selectively depleted in ATMs of obese mice by intraperitoneal (i.p.) injections with 276 

GeRPs loaded with scrambled (SCR) or LPL siRNA (see protocol outline in Fig. 2C). As 277 

previously described (2), silencing was specific to visceral phagocytes as no depletion of 278 

the target gene products was observed in livers of GeRP treated mice (Fig. 2D). Other 279 

studies we have performed showed no gene silencing with this technique in macrophages 280 

present in other tissues of the obese mice, including lung, pancreas, spleen and muscle 281 

(2). LPL protein levels in SVF isolated from epididymal AT of mice treated with LPL-282 

GeRPs were also significantly reduced compared to mice treated with SCR-GeRPs (Fig. 283 

2E). Importantly, flow cytometry showed that silencing LPL in ATMs significantly 284 

decreased lipid accumulation in VAT macrophage (Fig. 2F-G), while it had no effect on 285 

total macrophage content in VAT (Data not shown). Careful analysis of epididymal AT 286 

sections by TEM showed lipid droplets in macrophages containing GeRPs within AT. 287 

Treatment with LPL-GeRPs reduced the presence of these lipid droplets in ATM (Fig. 288 

2H). These results suggested that ATM LPL contributes to obesity-induced lipid uptake 289 

by macrophages in VAT.  290 

 291 

LPL silencing in ATMs increases serum FFA levels. 292 

Although lipid uptake by ATMs has been suggested to contribute to lipid storage in AT 293 

(4, 16), LPL deficiency in macrophages throughout the body did not regulate adiposity in 294 

mice fed a HFD (28). Similarly, we found that body weight gain, epididymal fad pad 295 

weight, adipocyte number and size were unchanged following LPL silencing specific to 296 

epididymal ATMs over this relatively short period (Data not shown). Treatment of ob/ob 297 

mice with LPL-GeRPs also had no impact on serum TG levels, LDL/VLDL- and HDL-298 

cholesterol (Fig. 3A-B), consistent with a recent study showing that LPL depletion in the 299 

myeloid lineage has no effect on circulating TG and cholesterol levels (28). Therefore 300 



steady state circulating TG levels could be maintained in mice treated with LPL-GeRPs 301 

compared to SCR-GeRPs by the normal expression of LPL in other tissues.  302 

Although LPL silencing had no impact on serum TG and cholesterol levels, serum FFA 303 

levels were significantly increased following ATM LPL silencing (Fig. 3C). One study 304 

suggested that ATMs can buffer local increases in lipid and suppress local adipocyte 305 

lipolysis, decreasing lipid levels in the circulation (16). In an effort to test whether LPL 306 

silencing in ATMs increased serum FFA levels through regulation of lipid release by 307 

adipocytes, we found that LPL depletion in ATMs had no effect on the expression of 308 

hormone-sensitive lipase (HSL) and adipose triglyceride lipase (ATGL), involved in 309 

lipolysis (Fig. 3D). In addition, lipolysis under basal conditions or following beta-310 

adrenergic stimulation by isoproterenol remained unchanged in isolated adipocytes 311 

derived from mice treated with LPL-GeRPs or SCR-GeRPs (Fig. 3E). Consistently, LPL-312 

GeRP treatment had no effect on serum glycerol levels in mice fasted overnight (data not 313 

shown). These results suggested that the increased circulating FFA levels observed in 314 

mice treated with LPL-GeRPs could be due to a decreased ability of ATMs to store 315 

excess lipids released by adipocytes in the obese state rather than a direct regulation of 316 

lipolysis by macrophages. 317 

 318 

In testing this idea, we found LPL silencing in ATMs not only decreased LPL mRNA, 319 

but also caused an overall trend towards decreasing the expression of genes involved in 320 

lipid metabolism in SVF (Fig. 3F). LPL silencing in ATMs also resulted in a significant 321 

decrease of CD36 and DGAT2 expression when measured in SVF cells isolated by 322 

fluorescence activated cell sorting (FACS) on the basis of their FITC-GeRP signal. This 323 

was consistent with a decreased FFA uptake and esterification by ATMs following LPL 324 

silencing (Fig. 3G). To confirm this hypothesis, we measured the percentage of foam 325 

cells in AT following fasting-induced lipolysis (Fig. 3H). Consistent with the idea that 326 

ATMs take up FFA released by adipocytes in fasting condition (16), in obese mice 327 

treated with PBS, fasting increased the percentage of bodipy
+
 ATMs (Fig. 3H). 328 

Furthermore, flow cytometry analysis showed that the increase bodipy
+
 ATMs under 329 

fasting condition was blocked following LPL silencing in ATMs (Fig. 3H). Taken 330 

together, these results suggest that silencing LPL unexpectedly decreases the capacity of 331 



ATMs to take up the excess FFA released by adipocytes. A potential mechanism for this 332 

surprising effect may relate to studies suggesting that hydrolysis of TG by LPL releases 333 

ligands for PPARα/δ transcription factors known to drive the expression of lipogenic 334 

genes including DGAT2 and CD36 that are decreased by ATM LPL silencing (9, 32). 335 

However, LPL silencing decreased the expression of CD36 and DGAT2, while the 336 

expression of other PPAR target genes remained unchanged. Although additional work 337 

would be needed to unravel the mechanism whereby LPL silencing secondarily decreases 338 

CD36 and DGAT2 gene expression, previous studies (8, 22) as well as our work suggest 339 

that different transcription factors, co-activators or repressors may be involved in the 340 

transcriptional regulation of lipogenic genes in macrophages deficient in LPL.  341 

 342 

Silencing LPL in visceral ATMs exacerbates glucose intolerance in ob/ob mice. 343 

Increased serum FFA levels have been shown to positively regulate glucose production 344 

by liver (6, 10, 12). Although hepatic steatosis, as observed in H&E liver sections and 345 

liver TG content, was unchanged following LPL silencing (Fig. 4A-B), the expression of 346 

two gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-347 

6-phosphatase (G6Pase), was significantly increased in livers from ob/ob mice treated 348 

with LPL- compared to SCR-GeRPs (Fig. 4C). To further assess hepatic glucose 349 

production, mice were challenged with the gluconeogenic precursor, pyruvate (Fig. 4D). 350 

Silencing LPL in visceral ATMs exacerbated pyruvate intolerance in mice treated with 351 

LPL- compared to SCR-GeRPs (Fig. 4D). Given that increased hepatic glucose output 352 

often results in exacerbated systemic glucose tolerance, we performed glucose tolerance 353 

tests (GTT) in ob/ob mice treated with LPL-GeRPs or SCR-GeRPs (Fig. 4E). Mice 354 

treated with LPL-GeRPs were significantly less glucose tolerant compared to mice 355 

treated with SCR-GeRPs (Fig. 4E). This effect on glucose tolerance occurred 356 

independently of an effect on insulin tolerance, fasting glucose or insulin levels, or islet 357 

morphology (data not shown).  358 

 359 

Since LPL silencing resulted in a significant decrease in CD36 expression in ATMs, we 360 

also performed GTT in mice treated with SCR- or CD36-GeRPs. Similar to LPL 361 

silencing, CD36 knockdown in ATMs lead to a further impairment of glucose tolerance 362 



in ob/ob mice (Fig. 4F). However, CD36 deficiency in hematopoietic cells obtained with 363 

bone marrow transplantation was shown to decrease the accumulation of immune cells 364 

within adipose tissue in obesity, with a concomitant improvement in insulin action (20). 365 

This discrepancy could be explained by the use of bone-marrow transplantation in this 366 

previous study, which affects all immune cells rather than phagocytes specifically. 367 

Indeed, CD36 has been shown to play opposite roles in the regulation of insulin 368 

sensitivity depending on the tissue in which it functions (13). Interestingly, treatment of 369 

lean healthy mice with LPL-GeRPs had no significant effect on glucose tolerance or 370 

circulating FFA (Fig. 4G-H). This confirmed the ability of AT in lean healthy mice to 371 

appropriately store lipids and the minimal role that ATMs play in this process in lean 372 

mice.  However, ATMs may contribute to lipid storage in the AT of obese mice thus 373 

preventing glucose intolerance induced by increased circulating FFA. 374 

  375 

Silencing LPL in visceral ATMs increases fatty aP2 production by adipocytes in 376 

ob/ob mice. 377 

To further investigate the mechanism whereby LPL silencing in ATMs exacerbates 378 

glucose intolerance in obese mice, we measured the expression of lipogenic and 379 

inflammatory genes in the AT of mice treated with LPL-GeRPs compared to SCR-GeRPs 380 

(Fig. 5A). Interestingly, while the expression of several lipogenic and inflammation-381 

related genes remained unchanged, the expression of aP2 was significantly increased in 382 

the AT of mice treated with LPL-GeRPs (Fig. 5A). Moreover, RT-PCR analysis revealed 383 

that aP2 expression was significantly increased in isolated adipocytes recovered from 384 

VAT of mice treated with LPL-GeRPs compared to SCR-GeRPs (Fig. 5B). Importantly, 385 

aP2 levels in the serum were also significantly increased in mice treated with LPL-GeRPs 386 

compared to SCR-GeRPs (Fig. 5C). Interestingly, a recent study showed that aP2 could 387 

be secreted by adipocytes (6). To test this hypothesis, primary adipocytes were treated 388 

with media containing 10% serum or conditioned media of SVF isolated from ob/ob mice 389 

treated with SCR- or LPL-GeRPs (Fig. 5D). After 1-hour incubation media was removed 390 

and fresh media was added to avoid measurement of aP2 present in conditioned media. 391 

While media of SVF had no effect on aP2 protein levels, we found that treatment of 392 

adipocytes with serum from mice treated with LPL-GeRPs increased aP2 levels 393 



compared to serum of mice treated with SCR-GeRPs (Fig. 5D). These results confirmed 394 

that silencing LPL in ATMs induces aP2 secretion from adipocytes and showed that this 395 

regulation occurs through an endocrine rather than a paracrine mechanism. Interestingly, 396 

although secretion of aP2 from adipocytes has been shown to be regulated by lipolysis-397 

related signals (6), in our model aP2 production by adipocytes occurred independently of 398 

an effect on lipolysis (Fig. 3E).  399 

Because treatment of mice with recombinant aP2 has been shown to increase hepatic 400 

glucose production, while aP2 neutralization reduced it (6), silencing LPL in ATMs may 401 

exacerbate glucose intolerance and hepatic glucose production not only by increasing 402 

circulating FFA but also by inducing aP2 secretion. Taken together these results show 403 

that silencing LPL in ATMs exacerbates glucose intolerance and hepatic glucose 404 

production (See model in Fig. 6). This impairment in glucose homeostasis is 405 

accompanied by an increase in serum FFA and aP2 levels in obese mice. Additional work 406 

will be needed to test whether there is a causal relationship between the increases in 407 

serum FFA and aP2 and glucose intolerance in obese mice following LPL silencing in 408 

ATMs.  409 
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FIGURE LEGENDS 440 

 441 

Figure 1. Formation of lipid-laden macrophages in epididymal AT of obese mice. 442 

SVF from epididymal AT (Visceral AT; VAT) of WT and ob/ob mice was isolated and 443 

analyzed by flow cytometry. (A) Representative flow cytometry dot plots and mean 444 

fluorescence intensity (MFI) of ATMs stained with bodipy. (B) Percentage of 445 

macrophages stained with bodipy.  n=10. (C) Microscopy of SVF isolated from ob/ob 446 

VAT stained with antibodies against F4/80 (red) and bodipy (green); 20x (scale bar = 50 447 

µm). (D) TEM of whole VAT of ob/ob mice; A, adipocyte; M, macrophage; arrows, lipid 448 

droplet. Scale bar = 2 µm. (E) Gene expression measured by RT-PCR in SVF isolated 449 

from VAT of WT and ob/ob mice. n=5. Results are the mean fold change (F.C.) ± s.e.m. 450 

(F) Gene expression measured by RT-PCR in macrophages isolated using CD11b 451 

antibody bound to magnetic beads. n=5. All graphs are expressed as mean ± s.e.m. 452 

Statistical significance was determined by Student’s t-test. ***p<0.001; **p<0.01; 453 

*p<0.05. 454 

 455 



Figure 2. GeRP-mediated ATM LPL silencing decreases formation of lipid-laden 456 

macrophages in visceral AT of obese mice. Peritoneal macrophages (1x 10
6
) were 457 

treated with particles made with a mixture of 160 pmoles siRNA and 3 nmoles EP. Forty-458 

eight hours after the treatment, mRNA levels were measured by (A) RT-PCR and protein 459 

by (B) western-blot. (C) Outline of the GeRP treatment given to mice. Briefly, mice were 460 

injected for five consecutive days with 5.6 mg of GeRPs/kg of body weight loaded with 461 

262 μg of siRNA/kg of body weight and 2.1 mg of EP/kg of body weight. On day 6, 462 

tissues were isolated. (D) mRNA expression of LPL in VAT and liver from mice treated 463 

with SCR- or LPL-GeRPs. n=14-15. (E) Representative LPL western-blot and 464 

densitometry using epididymal SVF lysates from mice treated with SCR- or LPL -465 

GeRPs. Actin was used as a loading control. Statistical significance was determined by 466 

Student’s t-test. **p < 0.01;  *p < 0.05. (F) Representative flow cytometry dot plots and 467 

MFI of ATMs stained with bodipy. (G) Percentage of macrophages expressing bodipy.  468 

n=10.All graphs are expressed as mean ± s.e.m. Statistical significance was determined 469 

by Student’s t-test. ***p<0.001; **p<0.01; *p<0.05. (H) TEM of whole VAT from ob/ob 470 

mice treated with SCR- or LPL-GeRPs; A, adipocyte; arrows, GeRPs. Scale bar = 5 µm. 471 

 472 

 473 

Figure 3. LPL silencing in ATMs increases plasma FFA. (A) Serum triglyceride and 474 

(B) LDL/VLDL and HDL cholesterol in mice treated with SCR- or LPL-GeRPs. n=10. 475 

(C) Serum FFA levels. n=14-15. (D) ATGL and HSL expression in adipocytes isolated 476 

from ob/ob mice treated with SCR- or LPL-GeRPs. n=14-15. (E) Glycerol levels in 477 

media of isolated adipocytes in untreated (UNT) or treated with 10 μM isoproterenol 478 

(ISO) for 2 hours. n=5. Gene expression measured by RT-PCR in (F) SVF (n=14-15) and 479 

(G) ATMs containing GeRPs sorted by FACS (n=5). (H) Representative Dot-plot and 480 

percentage of ATMs expressing bodipy in fed and fasted states in VAT. n=10. All graphs 481 

are expressed as mean ± s.e.m. Statistical significance was determined by Student’s t-test. 482 

***p<0.001; *p<0.05; n/s, not significant. 483 

 484 

Figure 4. LPL silencing in ATMs exacerbates glucose intolerance in ob/ob mice. (A) 485 

H&E liver sections of mice treated with SCR- or LPL GeRPs. 20x magnification images. 486 



Scale bar = 5 µm. (B) Liver TG content. n=10. (C) PEPCK and G6Pase expression in 487 

liver of ob/ob mice treated with SCR- or LPL-GeRPs. n=10. (D) Pyruvate tolerance test, 488 

and area under the curve (AUC). n=10. (E) Glucose tolerance tests and AUC, n=14-15, 489 

performed on mice that were fasted for 18 hours. (F) Glucose tolerance tests performed 490 

on ob/ob mice treated with SCR- or CD36-GeRPs, n=5. (G) Glucose tolerance tests 491 

performed on 8 week-old C57BL6 lean mice treated with SCR- or LPL-GeRPs. n=5. (H) 492 

Serum FFA levels in lean mice treated with SCR- or LPL-GeRPs. n=5. Results are mean 493 

± s.e.m. Statistical significance was determined by T-test or ANOVA and Tukey’s post 494 

test. ***p<0.001; *p < 0.05.  495 

 496 

Figure 5. LPL silencing in ATMs increases aP2 production by adipocytes. (A) Gene 497 

expression measured by RT-PCR in (A) VAT and (B) adipocytes isolated from of ob/ob 498 

mice treated with SCR- or LPL-GeRPs. n=14-15. (C) Serum aP2 levels. n=14-15. (D) 499 

aP2 protein levels in media of intact adipocytes measured by ELISA. Adipocytes were 500 

treated with media containing serum or conditioned media from SVF. n=4. Results are 501 

mean ± s.e.m. Statistical significance was determined by T-test or ANOVA and Tukey’s 502 

post test. *p < 0.05.  503 

 504 

Figure 6. Hypothetical model for how LPL produced by ATMs can regulate whole 505 

body glucose metabolism. LPL silencing in ATMs secondarily decreases the expression 506 

of CD36 and DGAT2 by mechanisms not understood. This results in a reduced lipid 507 

uptake (via CD36) and esterification (via DGAT2) by ATMs and a concomitant increase 508 

in circulating FFA. In parallel, silencing LPL in ATMs is accompanied by an increase in 509 

aP2 expression and secretion by adipocytes. The increases in circulating aP2 and FFA 510 

may enhance hepatic gluconeogenesis, thus contributing to the impairment of glucose 511 

tolerance observed in ob/ob mice following LPL silencing in ATMs. Short vertical 512 

arrows indicate the effects (arrow up, increase; arrow down, decrease) on specific 513 

components or pathways in response to silencing LPL in ATMs.  514 

 515 
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