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Adipose tissue (AT) inflammation and infiltration by macrophages
is associated with insulin resistance and type 2 diabetes in obese
humans, offering a potential target for therapeutics. However,
whether AT macrophages (ATMs) directly contribute to systemic
glucose intolerance has not been determined. The reason is the lack
ofmethods to ablate inflammatory genes expressed inmacrophages
specifically localizedwithin AT depots, leavingmacrophages in other
tissues unaffected. Here we report that i.p. administration of siRNA
encapsulated by glucan shells in obese mice selectively silences
genes in epididymal ATMs, whereas macrophages within lung,
spleen, kidney, heart, skeletal muscle, subcutaneous (SubQ) adipose,
and liver are not targeted. Such administration of GeRPs to silence
the inflammatory cytokines TNF-α or osteopontin in epididymal
ATMs of obese mice caused significant improvement in glucose tol-
erance. These data are consistent with the hypothesis that cytokines
produced by ATMs can exacerbate whole-body glucose intolerance.
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The rapidly rising prevalence of obesity and type 2 diabetes
mellitus (T2D) over the past several decades has highlighted

a pressing need to develop new therapeutics for these metabolic
diseases (1). In obese human subjects, the inability to appropriately
expand subcutaneous (SubQ) adipose tissue (AT) leads to ectopic
lipid deposition in liver and muscle and may be an underlying cause
of insulin resistance (2–4). It is well appreciated that infiltration and
activation of macrophages in the visceral AT correlate with
a chronic inflammatory state (5–7). These macrophages secrete
cytokines and other factors that could impair the ability of adipo-
cytes to secrete beneficial adipokines or store lipid, leading to lipid
deposition in nonadipose tissues and insulin resistance (5–7).
Consistent with this concept, macrophage numbers in visceral AT
correlate with systemic insulin resistance even in obese human
subjects that are matched for body mass index (8, 9). In light of this
evidence, it has been suggested that therapeutics that can attenuate
visceral AT inflammation may alleviate the diabetic state (10, 11).
Despite abundant literature consistent with the paradigm

that AT inflammation contributes to systemic insulin re-
sistance and glucose intolerance, no direct data actually ad-
dress this issue. The limitation has been a lack of available
methodology to ablate inflammatory genes expressed in mac-
rophages specifically localized within AT depots while leaving
these immune cells in other tissues unaffected. This is particularly
important because immune cells also infiltrate the liver, the major
contributor to whole-body glucose homeostasis in mice under most
conditions. Even studies on conditional gene knockouts in mac-
rophages or bone marrow transplants are nonspecific in that they
modulate immune cells throughout the body, not only in the AT
(12). Therefore, a technique to decrease cytokine expression spe-
cifically in AT macrophages (ATMs) is required to define whether
visceral ATM inflammation actually contributes to systemic glucose
intolerance.
Here we report an siRNA delivery technology developed by

our laboratory to silence inflammatory cytokine expression spe-
cifically in adipose macrophages in obese mice without accessing

macrophages in other tissues, including liver, heart, or pancreas.The
siRNA is encapsulated in micrometer-sized glucan shells (glucan-
encapsulated siRNA particles, GeRPs) extracted from Saccharo-
myces cerevisiae (13) and composed mainly of β-1,3-D-glucan, a li-
gand of the dectin-1 receptor and other receptors that are expressed
by macrophages (14). We show here that in contrast to lean mice, in
which i.p.-injected GeRPs are phagocytosed by macrophages
throughout the body (13, 15), i.p. injection of GeRPs into obese
mice results in their accumulation and silencing of genes mostly in
macrophages found in the visceral epididymalATdepots.Under the
same conditions, we could not detect GeRPs in these immune cells
within other tissues. Using this approach, we attenuated the ex-
pression of two inflammatory cytokines thought to play a role in the
development of insulin resistance in rodents and humans—TNF-α
(16, 17) and osteopontin (OPN) (18, 19)—and found an improved
whole-body glucose tolerance. These results reveal i.p. administra-
tion of GeRPs as a unique tool to study the specific role of visceral
ATMs in the development of insulin resistance induced by obesity.

Results
Biodistribution of GeRPs in Obese Mice. To study the localization of
i.p.-injected GeRPs in obese mice, we used FITC-labeled GeRPs
loaded with nontargeting scrambled (SCR) siRNA. Five-wk-old
genetically obese (ob/ob) mice were administered GeRPs by i.p.
injection daily for 5 d and various tissues, including liver, lung,
spleen, pancreas, heart, and kidney and SubQ, mesenteric, peri-
renal, and epididymal ATs were analyzed by microscopy (Fig. 1
A–J). FITC-GeRPs were only observed in cells within the epi-
didymal AT (Fig. 1J, enlarged images in Fig. S1A), and not in the
other organs (Fig. 1 A–F) or other adipose depots (Fig. 1 G–I).
Similar results were obtained when mice were treated with GeRPs
for 10 d. To confirm these data, ob/ob mice were treated with
GeRPs labeled with a 125I probe (Fig. 1K). Consistent with the
microscopy analysis, the epididymal AT exhibited the highest ra-
diolabel per gram of tissue compared with all other tissues (Fig.
1K). These data document that GeRPs injected i.p. are mostly
found in cells within the epididymal AT in obese ob/ob mice.

GeRP Uptake in the Epididymal ATMs in Obese Mice. To study the
profile of cells in the epididymal AT that internalize GeRPs, we
performed fluorescence microscopy and flow cytometry analysis.
The ob/ob mice were i.p. injected daily for 5 d with FITC-
GeRPs. On day 6, epididymal AT sections were stained with an
antibody against the macrophage marker F4/80 and analyzed by
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microscopy (Fig. 2A). Fig. 2A shows FITC-GeRPs in F4/80-
positive cells in a region of the epididymal AT rich in macro-
phages termed crown-like structures (CLS). We next performed
fluorescence microscopy on cells isolated from the stromal-
vascular fraction (SVF), which contains all cells in the AT that
do not float upon centrifugation, unlike lipid-laden adipocytes
(Fig. 2B). SVF cells were isolated from the AT and stained with
the F4/80 antibody (red) and the nuclear stain, DAPI (blue) (Fig.
2B). Images in Fig. 2B, Left show cells containing FITC-GeRPs
only in GeRP-treated mice. Analyses at higher magnification
(Fig. 2B, Right) show F4/80-positive cells containing multiple
FITC-GeRPs (enlarged images in Fig. S1B). To further define
the GeRP uptake profile in cells in the epididymal AT, SVF was
also stained with antibodies against markers of multiple im-
mune cell types (Fig. 2 C and D). Flow cytometry analysis con-
firmed the presence of FITC-GeRPs in F4/80-positive cells in the
epididymal AT (Fig. 2C, Upper Right). Importantly, an FITC
signal was detected in phagocytic cells, including F4/80-positive
macrophages and F4/80 intermediate and negative monocytes
and neutrophils (Fig. 2C, Lower Right). However, nonphagocytic
cells, including eosinophils and T lymphocytes, showed no FITC
signal, suggesting that these cells do not internalize GeRPs (Fig.
2D; for gating schemes, see Fig. S2). Similar results were obtained
when mice were treated with GeRPs for 10 d. These results show
that GeRPs injected i.p. are specifically delivered to phagocytes in
the epididymal AT of obese ob/ob mice.

Gene Silencing in Primary Macrophages. We first measured the
expression of TNF-α and OPN in epididymal and SubQ ATMs of
7-wk-old obese ob/ob mice and found strong increases of expres-
sion of these genes in epididymal ATMs of ob/ob mice compared

with their lean WT littermates (Fig. 3 A and B). The increase in
TNF-α and OPN expression in epididymal ATMs confirmed that
the increase in macrophage content occurs mainly in the visceral
AT in the obese state.
Primary peritoneal macrophages were used to screen for po-

tent siRNAs against TNF-α or OPN, and two were chosen for
each gene (Fig. 3 C and D). Both siRNA sequences against the
target genes potently silenced the expression of TNF-α or OPN.
Furthermore, secretion of both TNF-α and OPN was signifi-
cantly silenced by the targeting siRNAs compared with SCR or
untreated cells (Fig. 3 E and F). The data reveal that these genes
could be silenced in primary macrophages in vitro both at the
mRNA and protein levels.

Gene Silencing in Epididymal ATMs in Obese Mice. To test the ability
of GeRPs to deliver functional siRNA and silence these genes in
vivo, 5-wk-old ob/ob mice were injected daily for 10 d with GeRPs
loaded with SCR or TNF-α siRNA, validated as shown in Fig. 3.
The day after the last injection, TNF-α expression was measured
in epididymal AT (Fig. 4A). TNF-α expression was significant-
ly inhibited in the epididymal AT of ob/ob mice treated with
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Fig. 1. GeRPs injected i.p. are localized in epididymal ATMs in obese mice.
(A–J) Five-week-old ob/ob mice were i.p. injected once a day for 5 d with 5.6
mg/kg FITC-labeled GeRPs loaded with 2.1 mg/kg EP and 0.262 mg/kg SCR
siRNA. On day 6, liver, lung, spleen, pancreas, heart, kidney, and (SubQ AT),
mesenteric (Mes AT), perirenal (PeriR AT), and epididymal AT (EPI AT) were
isolated. Tissues were fixed, sectioned, and then stained with H&E. Tissues
were then analyzed by fluorescent microscopy. Images were obtained using
a Zeiss Axiovert 200 inverted microscope. (Scale bar: 50 μm.) (K) Five-week-old
ob/ob mice were i.p. injected with 125I labeled GeRPs. Seven days later, liver,
lung, spleen, pancreas, heart, kidney, and SubQ, mesenteric, and epididymal
AT were isolated.
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Fig. 2. GeRPs undergo phagocytosis by epididymal ATMs in obese mice. (A)
Five-week-old ob/ob mice were i.p. injected once a day for 5 d with 5.6 mg/
kg FITC-labeled GeRPs loaded with 2.1 mg/kg EP and 0.262 mg/kg SCR siRNA.
On day 6, epididymal AT was isolated, fixed, sectioned, and stained with
F4/80 antibody. Tissues were also counterstained with hematoxylin. Tissues
were then analyzed by fluorescent microscopy. Spinning disk confocal mi-
croscopy showing crown-like structures composed of macrophages (dark
brown) containing FITC-GeRPs (green). (Scale bar: 20 μm.) (B) Confocal mi-
croscopy showing F4/80 (red) and GeRPs (green) present in SVF cells 24 h
after treatment. Nuclei were stained with DAPI (blue). (Scale bar: Left,
50 μm; Right, 10 μm.) (C) FACS analysis showing SVF cells isolated from mice
treated with FITC-labeled GeRPs (FITC-GeRPs) and stained with F4/80 anti-
body. APC, allophycocyanin. (D) FITC level stain in epididymal AT total SVF
cells, macrophages (F4/80+/CD11b+/Siglec-f-), monocytes (Ly6-C high and
low), neutrophils (Gr1+), eosinophils (F4/80+/CD11b+/Siglec-f+), and T cells
(CD3+) determined by flow cytometry.
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TNF-α-GeRPs compared with SCR-GeRPs (Fig. 4A). Mice were
also treated for 5 d with GeRPs loaded with SCR siRNA or
OPN siRNA. A significant 70% knockdown of OPN expres-
sion was observed in the epididymal AT of ob/ob mice treated
with OPN-GeRPs compared with SCR-GeRPs (Fig. 4B). To
confirm the specificity of the siRNA-mediated knockdown, the
expression of several other macrophage and immune cell factors
was measured, including CD11b, CD11c, F4/80, CD68, IL-1β, IL-
6, IL-10, IL-4, CC-motif chemokine receptor-2 (CCR2), mono-
cyte chemoattractant protein 1 (MCP-1), and adipocyte protein 2
(aP2). Expression of these markers was unchanged in mice
treated with TNF-α-GeRPs or OPN-GeRPs compared with SCR-
GeRPs (Fig. S3). This result confirmed the specificity of siRNA-
mediated knockdowns and suggested that silencing TNF-α and
OPN expression had no effect on global AT inflammation during
the experiment. Consistent with the biodistribution studies show-
ing GeRPs were present only in phagocytic cells of epididymal AT

and not in liver, no depletion of the target gene products was
observed in liver of treated mice (Fig. 4 C and D).
To further analyze the tissue specificity of GeRP-mediated

knockdown, different adipose depots including SubQ, mes-
enteric, and perirenal depots were isolated from mice treated with
TNF-α-GeRPs and SCR-GeRPs (Fig. 4 E–G). Although mice
treated with TNF-α-GeRPs exhibited a significant TNF-α depletion
in the epididymal AT (Fig. 4A), there was no knockdown in any of
the other adipose depots tested (Fig. 4 E–G). These data corrob-
orated biodistribution results showing GeRPs present only in the
epididymal AT and not in other adipose depots. TNF-α protein
levels and bioactivity in media of SVF isolated from epididymal AT
of mice treated with TNF-α-GeRPs was also significantly reduced
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Fig. 3. Silencing genes in primary macrophages in vitro. (A and B) Expres-
sion of TNF-α and OPN measured by RT-PCR in isolated macrophages from
epididymal and SubQ AT of 7-wk-old genetically obese ob/ob mice. Macro-
phages were isolated using CD11b antibody bound to magnetic beads. n = 4.
Statistical significance was determined by t test. ***P < 0.001; *P < 0.05.
Results are means expressed in fold change (F.C.) ± SEM. (C and D) 1 × 106

peritoneal macrophages were treated with particles made with a mixture of
160 pmoles siRNA and 3 nmol EP. Forty-eight hours after the treatment,
mRNA levels were measured by RT-PCR. (E) TNF-α in media of peritoneal
macrophages treated with 1 μg/mL LPS for 6 h measured by ELISA. (F) OPN
protein basal levels in media measured by ELISA. n = 3 with three technical
replicates for each experiment. Statistical significance was determined by
ANOVA and Tukey post test. ***P < 0.001. Results are mean ± SEM.
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Fig. 4. Gene silencing in epididymal ATMs in obese mice without affecting
macrophages in liver or other adipose depots. Expression of TNF-α in (A)
epididymal AT and (C) liver from mice treated for 10 d with SCR- or TNF-
α-GeRPs. n = 23–24. Expression of OPN in (B) epididymal AT and (D) liver
from mice treated for 5 d with SCR- or OPN-GeRPs. n = 28. Statistical sig-
nificance was determined by t test. ***P < 0.001; *P < 0.05. Results are
means in F.C. ± SEM. TNF-α expression in (E) SubQ (F) perirenal, and (G)
mesenteric AT from mice treated for 10 d with SCR- or TNF-α-GeRPs. n = 5.
(H) TNF-α protein levels and bioactivity in LPS-treated epididymal SVF media
of mice treated with SCR- or TNF-α-GeRPs. n = 10. (I) OPN protein levels in
epididymal SVF media of mice treated with SCR- or OPN-GeRPs. n = 10.
Statistical significance was determined by t test. **P < 0.01; *P < 0.05. (J)
Representative dot-plot of F4/80-stained epididymal SVF from mice treated
with PBS or FITC-labeled SCR-GeRPs for 5 or 10 d. F4/80+ cells containing
GeRPs (FITC+) were sorted by FACS and mRNA levels were measured by
RT-PCR in mice treated with SCR-, TNF-α-, or OPN-GeRPs. For TNF-α, n = 5
mice pooled together. For OPN, n = 3 groups of three mice pooled together.
Statistical significance was determined by t test. ***P < 0.001.
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compared with mice treated with SCR-GeRPs (Fig. 4H). Mice
treated with OPN-GeRPs had a significant 81% decrease of OPN
secretion in SVF isolated from epididymal AT compared with mice
treated with SCR-GeRPs (Fig. 4I).
FACS was performed to analyze the knockdown of the target

genes in ATMs containing FITC-labeled GeRPs (Fig. 4J). Mice
were treated with FITC-labeled SCR-GeRPs, TNF-α-GeRPs, or
OPN-GeRPs, and epididymal SVF was plated and stained with the
F4/80 antibody. Flow cytometry analysis showed that 80% of epi-
didymal ATMs contained FITC-GeRPs (Fig. S4A). TNF-α and
OPN expression was significantly silenced in sorted F4/80+/FITC+
ATMs in mice treated with TNF-α-GeRPs or OPN-GeRPs, re-
spectively, compared with SCR-GeRPs (Fig. 4J). The expression of
TNF-α and OPN was unchanged in cells that did not contain
GeRPs (FITC−, Fig. S4B). Taken together, these data reveal that
i.p.-injected GeRPs can specifically silence genes in epididymal
ATMs in vivo without affecting gene expression in macrophages in
other major organs such as liver or other adipose depots.

Silencing Inflammatory Genes in Epididymal ATMs Affects Whole-
Body Metabolism in ob/ob Mice. To test the effect of GeRP-medi-
ated gene silencing in epididymal ATMs on whole-body metabo-
lism, glucose tolerance tests were performed in ob/ob mice treated
with TNF-α-GeRPs, OPN-GeRPs, or SCR-GeRPs (Fig. 5 A and
B). Both TNF-α and OPN silencing in epididymal ATMs improved
glucose tolerance in obese mice (Fig. 5 A and B). Area under the
glucose tolerance test curves showed that mice treated with TNF-
α-GeRPs or OPN-GeRPs were significantly more glucose tolerant
compared with mice treated with PBS or SCR-GeRPs (Fig. 5 C
and D). Importantly, this occurred without affecting TNF-α or
OPN expression in other tissues or protein levels in serum, in which
TNF-α levels were undetectable and OPN levels unchanged (Fig. 4
and Fig. S5A). The effect of TNF-α and OPN silencing on glucose
tolerance was independent of an effect on weight gain during
treatments (Fig. S5 B and C). Taken together, these results suggest
that decreasing production of these cytokines specifically in epi-
didymal ATMs has a beneficial effect on whole-body metabolism.
Experiments on ob/ob mice were also performed with GeRPs

loaded with siRNA against genes in which expression in epididymal
ATMs was unchanged or decreased with obesity. These included
a complement component 3a protein receptor (C3aR) and a pro-
tein of the leukotriene production pathway, 5-lipoxygenase acti-
vating protein (FLAP) (Fig. S6A). Although inhibition of FLAP
and whole-body knockout of C3aR prevent diet-induced insulin
resistance (18, 19), we failed to observe effects of silencing these
genes on glucose tolerance, despite significant gene knockdowns in
epididymal ATMs (Fig. S6 B and C). This observation suggests
that C3aR and FLAP may play a role in cells other than ATMs in
regulating glucose metabolism.
TNF-α can induce the release of lipids from adipocytes into the

circulation, a process known as lipolysis, causing ectopic lipid
deposition in liver (20). Although silencing TNF-α in ATMs
prevents the development of glucose intolerance in obese mice, it
did not change circulating lipid levels [free fatty acid or trigly-
cerides (TG)] (Fig. S7A). To analyze the degree of ectopic lipid
deposition, microscopy was performed on H&E liver sections of
mice treated with PBS, SCR-GeRPs, or TNF-α-GeRPs (Fig. S7B).
The ob/ob mice treated with PBS had a high degree of liver
steatosis, represented by enlarged lipid droplets in hepatocytes
compared with their WT littermates (Fig. S7B). A similar degree
of liver steatosis was observed in PBS-treated mice compared with
mice treated with SCR-GeRPs or TNF-α-GeRPs (Fig. S7B).
Consistently, liver TG content was similar in mice treated with
PBS, SCR-GeRPs, or TNF-α-GeRPs (Fig. S7C). This suggests
that the beneficial effect of silencing TNF-α in epididymal ATMs
may be due to a process independent of lipolysis.
The role of OPN in the development of insulin resistance has

been attributed to its role in attracting macrophages in the

epididymal AT (21, 22). To test this, macrophage content was
analyzed in the epididymal AT of mice treated with OPN-GeRPs
compared with SCR-GeRPs (Fig. S8A). Epididymal ATM con-
tent was unchanged in OPN-GeRP–treated mice compared with
mice treated with SCR-GeRPs (Fig. S8A). This suggests that
OPN silencing in epididymal ATMs prevents obesity-induced
insulin resistance independently of macrophage recruitment.
Analysis of circulating lipids showed that OPN silencing in epi-
didymal AT had no effect on lipolysis (Fig. S8 B and C). To study
the effect of OPN silencing in ATMs on systemic insulin sensi-
tivity, we performed insulin tolerance tests in mice treated with
PBS-, SCR-, or OPN-GeRPs (Fig. 5 E and F). Mice treated with
OPN-GeRPs had a significant improvement in insulin response
compared with mice treated with PBS or SCR-GeRPs (Fig. 5 E
and F). Measurement of fasting insulin levels showed that mice
treated with OPN-GeRPs were still hyperinsulinemic compared
with mice treated with SCR-GeRPs (Fig. S8D). These results
suggested that OPN silencing in ATMs increases systemic insulin
sensitivity. Therefore, we also performed biochemical studies to
investigate insulin-stimulated Akt activation in mice treated with
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Fig. 5. Gene silencing in epididymal ATMs in obese mice regulates whole-
body metabolism. Five-week-old ob/ob mice were treated as described in
Fig. 4. Twenty-four hours after the last injection, glucose tolerance tests
(GTT) were performed on mice that were fasted for 16 h. Mice were treated
with SCR-GeRPs, (A) TNF-α-GeRPs, or (B) OPN-GeRPs. (C and D) Area under
the curve (AUC) of corresponding GTT graphs. n = 10–18. Statistical signifi-
cance was determined by ANOVA and Tukey posttest. *P < 0.05. Results are
mean ± SEM. (E) Insulin tolerance tests (ITT) were performed on day 6 in ob/
ob mice treated with PBS or SCR- or OPN-GeRPs by injecting 1 U/kg of insulin.
(F) AUC of corresponding ITT graph. n = 15. Statistical significance was de-
termined by ANOVA and Tukey posttest. *P < 0.05. Results are mean ± SEM.
PBS or SCR- or OPN-GeRPs treatedmice were also fasted for 4 h and then treated
by i.p. injection with 1 U/kg of insulin (15 min). Western blotting and multi-
plexed ELISA were used to detect Akt and activated (pSer473) Akt in (G) epi-
didymal AT (EPI AT), (H) gastrocnemius muscle, and (I) liver. n = 5–6. Statistical
significance was determined by ANOVA and Tukey posttest. ***P < 0.001; *P <
0.05. Results are mean ± SEM.
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PBS, SCR-GeRPs, or OPN-GeRPs (Fig. 5 G–I). Obesity sup-
pressed insulin-stimulated Akt activation in liver, AT, and skel-
etal muscle of mice treated with PBS or SCR-GeRPs but not in
AT of mice treated with OPN-GeRPs (Fig. 5 G–I). Together,
these data demonstrate that silencing OPN in ATMs improves
insulin sensitivity. Furthermore, OPN and TNF-α levels were spe-
cifically decreased in epididymal AT and not in other tissues or
serum (Fig. 4 and Fig. S5A), suggesting that they may play
a paracrine role in the AT.
Addressing whether OPN and TNF-α silencing may affect the

expression of circulating factors, we did not detect any difference
in serum adiponectin or fibroblast growth factor 21 (FGF21)
levels in mice treated with PBS or SCR-GeRPs, TNF-α-GeRPs,
or OPN-GeRPs (Fig. S9 A–D). FGF21 has been shown to regulate
brown adipose tissue (BAT) mass and activity (23, 24). Consistent
with a lack of change in serum FGF21, we failed to observe any
difference in BAT morphology, weight, or expression of specific
markers such as uncoupling protein 1 in treated mice (Fig. S9E).

Discussion
The major findings reported here include the development of a
powerful RNAi-based method to selectively silence genes in epi-
didymal ATMs in obese mice while leaving such cells unperturbed
in other tissues (Figs. 1 and 2). This selective biodistribution profile
of i.p.-injected GeRPs in obese mice is in keeping with the known
high accumulation of macrophages in visceral AT compared with
other adipose depots and metabolic tissues in obese rodents and
humans (9, 25, 26). In previous studies using lean healthy animals,
i.p.-injected GeRPs were internalized by macrophages that could be
detected throughout the body (13, 15). In contrast, using obese
insulin-resistant animals, we detected GeRPs mostly in the epi-
didymal ATMs following i.p. injection. One explanation for the
different patterns of GeRP distribution observed in lean versus
obese mice could be the increase in AT chemoattractants in obesity.
Adipocytes produce a wide range of such factors, such as MCP-1,
which may recruit monocytes expressing its receptor CCR2 to
adipose tissue in obese mice (27, 28).
Although multiple siRNA delivery systems have been recently

described in the literature (29, 30), none has been used in an obese,
insulin-resistant animal model. A previous study described delivery
of lipidoid nanoparticles carrying siRNA to immune cells, including
lymphocytes, in spleen, blood, and bone marrow following i.v. in-
jection in lean mice (31). In contrast, we show here that GeRPs are
only found in phagocytes and not in nonphagocytic cells, such as
T cells or eosinophils, which could represent a major clinical ad-
vantage. This important feature of the GeRPs is conferred by their
size (2–4 μm) and the β-1,3-D-glucan that is specifically recognized
by receptors expressed by phagocytic cells (14).
Decreasing inflammation in obese rodents often results in

improvement of insulin sensitivity (10, 11). However, blocking
cytokines by injection of antibodies or antagonists has yielded
mixed results in alleviating insulin resistance in humans (32–35).
An explanation for the frequently observed absence of effects of
these drugs on insulin resistance in obese subjects may be their
low penetrance in AT in which the endogenous cytokines act in
a paracrine fashion (36). However, no study has actually shown
a direct role of macrophages in the AT in the regulation of
systemic metabolism because experimental anti-inflammatory
gene knockouts and other procedures are not restricted to AT,
but in general act on immune cells within all tissues. Macro-
phages in particular are present in all tissues, and cytokines
are highly expressed by various immune and nonimmune cells
(37). Therefore, the physiological role of ATMs has been a key
unanswered question in the field, and is particularly important
considering the variable results obtained with cytokine blockers
in human subjects (36, 38, 39).
The specificity of GeRPs in targeting epididymal ATMs when

administered i.p. permitted us to address this critical question

(Figs. 4 and 5). The motivation for targeting TNF-α and OPN in
epididymal ATMs in our studies was based on three major
points: (i) both TNF-α−/− and OPN−/− mice are protected from
obesity-induced insulin resistance (17, 22); (ii) the expression of
these genes is high in AT from obese mice (Fig. 3) (21, 22, 40,
41); and (iii) anti-TNF-α and anti-OPN neutralizing antibodies
both reverse obesity-induced insulin resistance in rodents (21,
42). Based on these considerations, GeRPs were loaded with
siRNAs to silence TNF-α or OPN in genetically obese ob/ob
mice. Although previous work by our laboratory and others
demonstrated that GeRPs can mediate potent gene silencing in
peritoneal macrophages in lean mice (13, 15, 43), here we found
specific gene knockdowns within epididymal ATMs in obese
mice. Importantly, GeRP-mediated TNF-α or OPN silencing in
epididymal ATMs improved the glucose tolerance of ob/ob mice
(Fig. 5). Silencing TNF-α or OPN had no effect on the expres-
sion of CD11b, CD11c, F4/80, CD68, IL-1β, IL-6, IL-10, IL-4,
CCR2, MCP-1, or aP2 in AT, suggesting that none of these
inflammatory mediators is downstream of TNF-α or OPN in
this context. Thus, the selective depletion of TNF or OPN in
the absence of changes in these other factors was sufficient to
improve glucose tolerance (Fig. S3). Importantly, OPN silencing
in ATMs specifically increased insulin-stimulated Akt activation
in AT, suggesting a paracrine role of macrophage OPN in im-
proving insulin signaling (Fig. 5). Thus, this study shows a direct
link between epididymal ATM-derived cytokines and insulin
resistance.
The present study illustrates the crucial role of macrophage

local environment and emphasizes the importance of studying
macrophage function within a specific tissue. Although addi-
tional work is needed to define the molecular mechanisms by
which these macrophage proteins regulate whole-body metab-
olism, the GeRP siRNA delivery system provides a unique tool
for such studies.

Materials and Methods
All mice were purchased from Jackson Laboratory. Mice were housed on a
12-h light/dark schedule and had free access to water and food. All proce-
dures involving animals were approved by the Institutional Animal Care and
Use Committee at the University of Massachusetts Medical School.

Preparation of GeRPs. Glucan shells were prepared as previously described
(15) (see SI Materials and Methods for the detailed protocol). To load
siRNA in glucan shells, 3 nmol siRNA (Dharmacon) were incubated with 50
nmoles Endo-Porter (EP; Gene Tools) in 30 mM sodium acetate pH 4.8 for
15 min at room temperature in a final volume of 20 μL. The siRNA/EP so-
lution was added to 1 mg (∼109) of glucan shells and then vortexed and
incubated for 1 h. The siRNA-loaded GeRPs were then resuspended in PBS
and sonicated to ensure homogeneity of the GeRP preparation. GeRPs
were kept at 4 °C.

GeRP Administration and Tissue Isolation. Five-week-old C57BL6 ob/ob male
mice were i.p. injected once a day for 5 or 10 d with 5.6 mg/kg GeRPs loaded
with 2.1 mg/kg EP and 0.262 mg/kg siRNA. Twenty-four hours after the last
injection, mice were killed and tissues were isolated and used for RT-PCR
and microscopy.

Metabolic Studies. Glucose and insulin tolerance tests were performed on ob/
ob animals at 5 or 10 d after GeRP treatment. Glucose (1 g/kg) and insulin
(1 IU/kg) were administrated by i.p. injection. Blood samples were withdrawn
from the tail vein at the indicated time, and glycemia was determined using
glucometers (Bayer and alpha-trak).
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