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Abstract

Obesity leads to a proinflammatory state with immune responses that include infiltration of
adipose tissue with macrophages. These macrophages are believed to alter insulin sensitivity in
adipocytes, but the mechanisms that underlie this effect have not been characterized. We have
explored the interaction between macrophages and adipocytes in the context of both indirect and
direct coculture. Macrophage-secreted factors blocked insulin action in adipocytes via
downregulation of GLUT4 and IRS-1, leading to a decrease in Akt phosphorylation and impaired
insulin-stimulated GLUT4 translocation to the plasma membrane. GLUT1 was upregulated with a
concomitant increase in basal glucose uptake. These changes recapitulate those seen in adipose
tissue from insulin-resistant humans and animal models. TNF-a-neutralizing antibodies partially
reversed the insulin resistance produced by macrophage-conditioned media. Peritoneal
macrophages and macrophage-enriched stromal vascular cells from adipose tissue also attenuated
responsiveness to insulin in a manner correlating with inflammatory cytokine secretion. Adipose
tissue macrophages from obese mice have an F4/80*CD11b*CD68*CD14~ phenotype and form
long cellular extensions in culture. Peritoneal macrophages take on similar characteristics in direct
coculture with adipocytes and induce proinflammatory cytokines, suggesting that macrophage
activation state is influenced by contact with adipocytes. Thus both indirect/secreted and direct/
cell contact-mediated factors derived from macrophages influence insulin sensitivity in
adipocytes.
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The prevalence of obesity is increasing at an alarming rate along with its associated
morbidities such as atherosclerosis and type 2 diabetes (20, 35, 38). The mechanisms that tie
obesity to these various health morbidities are largely unknown. One promising hypothesis
is that obesity generates a proinflammatory state and promotes inflammatory responses that
contribute to the pathogenesis of these diseases (4, 30, 31, 33).

Obesity is associated with elevated levels of circulating proinflammatory cytokines such as
plasminogen activator inhibitor-1 (PAI-1), C-reactive protein (CRP), TNF-a, and IL-6 (18).
Many of these factors are produced by adipose tissue; circulating levels of TNF-a, IL-6, and
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monocyte chemoattractant protein-1 (MCP-1) correlate with adiposity and insulin resistance
(5, 14, 23), whereas weight loss decreases their levels (14, 15). Moreover, pharmacological
and genetic downregulation of inflammatory pathways in mice confer protection from high-
fat diet (HFD)-induced insulin resistance (2, 9, 26, 56). Mice deficient in TNF-a are
protected from diabetes induced by HFD (50), and blockade of TNF-a activity in obese
mice improves insulin sensitivity (23).

The cell types involved in the inflammatory response in obesity are not fully delineated.
Recent attention has focused on adipose tissue macrophages (ATMs) as a mediator of
inflammatory responses in adipose tissue (53, 54). A significant increase in macrophage
content in visceral adipose tissue has been observed in obese humans and mice (7, 8, 10).
These macrophages are the predominant source of proinflammatory cytokines such as TNF-
a and PAI-1 and may be recruited to adipose tissue via chemoattractants such as MCP-1
(25, 45, 53). Mice with a myeloid-specific knockout of IKKf are protected from obesity-
induced diabetes, demonstrating the importance of macrophages in generating the
inflammatory signals that modulate insulin sensitivity (2). Additionally, knockout in mice of
factors involved in monocyte/macrophage recruitment, such as MCP-1 and its receptor
CCR2, resulted in decreased quantities of ATMs in adipose tissue with obesity and
protection from insulin resistance (25, 52), suggesting that ATMs are required for the
development of diabetes with obesity.

How macrophages induce insulin resistance in adipocytes has not been established. Secreted
factors from macrophage-like cell lines induce an inflammatory response in adipocytes and
influence insulin sensitivity (37, 46), but the specific factors involved, and mechanisms by
which they exert these effects, remain unknown. We sought to model macrophage and
adipocyte interactions in vitro to dissect the mechanisms by which adipocyte function is
altered by macrophages. By examining adipocyte insulin signaling under the influence of
macrophage-derived factors, we identify alterations in GLUT1, GLUT4, and IRS-1
expression levels and GLUT4 membrane translocation in adipocytes exposed to
macrophages. Additionally, we provide evidence that both secreted and cell contact-
mediated signals participate in macrophage-adipocyte interactions that contribute to the
impairment of adipocyte function.

MATERIALS AND METHODS

Materials and reagents

For immunoblots, anti-phosphotyrosine (4G10) and IRS-1 antibodies were purchased from
Upstate (Charlottesville, VA). B-Actin monoclonal antibody, mouse recombinant TNF-a,
and lipopolysaccharide (LPS) from Escherichia coli were obtained from Sigma-Aldrich (St.
Louis, MO). GLUT1 and GLUT4 antibodies were obtained from Alpha Diagnostics
International (San Antonio, TX). Phospho-IRS-1, Akt, and phospho-Akt antibodies were
purchased from Cell Signaling (Beverly, MA). Anti-TNF-a neutralizing antibody and
ELISA kits were purchased from R&D Systems (Minneapolis, MN). Anti-F4/80 antibodies
were from Abcam (Cambridge, MA). CD68 and CD11b antibodies were from Serotec
(Raleigh, NC). CD14 antibodies were purchased from BD Biosciences (San Jose, CA).

Animals and animal care

Male C57BI/6 mice were rendered insulin resistant by feeding an HFD at 8 wk of age
consisting of 45% of calories from fat (Research Diets, New Brunswick, NJ) for 10-12 wk.
Animals were housed in a specific pathogen-free facility with a 12:12-h light-dark cycle and
given free access to food and water. All animal use was in compliance with the Institute of
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Laboratory Animal Research Guide for Care and Use of Laboratory Animals and approved
by the University Committee on Use and Care of Animals at the University of Michigan.

3T3-L1 fibroblasts were propagated and differentiated into adipocytes as described (3).
Adipocytes were used in experiments 8-10 days after differentiation. J774A.1 and RAW?264
macrophage cell lines were obtained from the American Type Culture Collection (Manassas,
VA) and were propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated, endotoxin-free fetal bovine serum (FBS). Peritoneal
macrophages were obtained by peritoneal lavage 4 days after intraperitoneal injection with 3
ml of 4% thioglycollate in C57BI/6 mice. Macrophages were selected by adhesion to plastic
followed by 3-4 washes in PBS to remove nonadherent cells. Macrophages were >95% pure
by flow cytometry analysis for F4/80 expression. Indirect coculture was performed by
growing macrophages (100,000 cells/well) in 0.4 um cell culture inserts from BD
Biosciences (San Jose, CA) and placing them in wells containing differentiated 3T3-L1
adipocytes (8 days after induction of differentiation).

Conditioned media were collected from J774.1 or RAW264 macrophage cultures 16 h after
stimulation with LPS at 0.1 ng/ml and sterile filtered (0.45 um) prior to incubation with
adipocytes. TNF-a-neutralizing antibody (R&D Systems, Minneapolis, MN) was added to
conditioned media at a final concentration of 0.2 pg/ml.

Direct coculture of macrophages and adipocytes

Peritoneal macrophages were isolated as above. In some experiments the macrophages were
labeled by incubation for 5 min with PKH26 (Sigma-Aldrich) at a concentration of 1 uM
mixed in Diluent B per manufacturer’s instructions. Cells were washed three times in PBS
prior to selection on plastic by adhesion. Labeling efficiency was 100% as assessed by
immunofluorescence microscopy. Macrophages were then passaged by scraping with 10
mM EDTA in PBS and added to differentiated adipocytes in 12-well dishes at
concentrations of 10,000 and 100,000 cells per well. Macrophages were plated onto empty
12-well dishes as controls. Cells were grown in coculture for 48—72 h prior to analysis.

2-Deoxyglucose uptake assay

Adipocytes were removed from indirect coculture and starved in low-glucose DMEM with
0.5% serum for 3 h prior to insulin stimulation. 2-Deoxyglucose (2-DG) uptake assays were
performed as described (24).

GLUT4 translocation assay

3T3-L1 fibroblasts were infected with a retrovirus containing a Myc-GLUT4-eGFP
expression cassette [pMX-GLUT4myc7-GFP(6)]. High Myc-GLUT4-eGFP-expressing
fibroblasts were enriched by fluorescence-activated cell sorting prior to differentiation into
adipocytes and plating onto glass coverslips. Differentiated adipocytes were exposed to
control medium, macrophage-conditioned medium, or macrophage coculture for 24 h and
then serum starved in DMEM (5 mM glucose) with 0.5% FBS for 3 h prior to insulin
stimulation for 15 min. Cells were placed on ice, washed in cold PBS, and fixed in 4%
paraformaldehyde in PBS for 15 min prior to confocal imaging for GFP localization.
GLUT4-GFP translocation was assessed by counting the number of cells with plasma
membrane GLUT4 staining in four high-power fields (>50 cells/field) for each experimental
condition.
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Cytokine analysis

Conditioned media were removed from cultures at designated times and centrifuged at
10,000 g for 5 min. Supernatants were then analyzed by ELISA for mouse IL-6, TNF-q,
macrophage inflammatory protein-2 (MIP-2), and MCP-1 per the manufacturer’s
instructions (R&D Systems).

Stromal vascular fraction isolation and immunofluorescence

Epididymal fat pads from male C57BI/6 mice fed an HFD were excised and minced in PBS
with 0.5% bovine serum albumin (BSA). Collagenase (1 mg/ml; Sigma-Aldrich, St. Louis,
MO) was added and incubated at 37°C for 20 min with shaking to generate a uniform cell
suspension. The cell suspension was filtered through a 100-um filter and then spun at 300 g
for 5 min. The pellet containing the stromal vascular fraction (SVF) cells was resuspended
in growth medium for further experiments. Proper separation of SVF and adipocytes was
confirmed by microscopy to ensure that adipocyte fractions were devoid of adherent cells.
For growth on cell culture inserts, 100,000 cells were added to each well, and adherent SVF
cells were allowed to attach for 2 h at 37°C. Nonadherent cells were washed away by
multiple PBS washes, and then inserts were added to adipocyte cultures.

For immunofluorescence, SVF cells were plated onto glass cover-slips for 2 h, and
nonadherent cells were removed by three washes with PBS. After 24 h, the cells were fixed
by incubation with 10% formalin for 20 min at room temperature. For CD68 antibody
staining, cells were permeablized by incubation with 0.5% Triton X-100 in PBS. Cells were
blocked in 2% bovine serum albumin in PBS and incubated with primary antibodies diluted
in blocking buffer. Alexa 488-conjugated secondary antibodies were incubated at a
concentration of 2 ug/ml with or without rhodamine-conjugated phalloidin (Invitrogen,
Carlsbad, CA) to label actin structures. Coverslips were mounted on slides with Vectashield
(Vector Laboratories, Burlingame, CA) and imaged on a confocal fluorescence microscopy
(Olympus IX SLA).

Immunoblotting and immunoprecipitation

Cell lysates were prepared by washing cultured cells twice in ice-cold PBS followed by the
addition of lysis buffer [150 mM sodium chloride, 50 mM Tris, pH 8, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, 1 mM EDTA, 10 mM sodium fluoride, 1 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, and protease inhibitors (Complete minitablets;
Roche Applied Science, Indianapolis, IN)]. Cells were lysed at 4°C for 30 min and clarified
by centrifugation. For immunoprecipitations, lysates were incubated with 1 ug of anti-IRS-1
or anti-insulin receptor (IR) antibodies overnight at 4°C and immune complexes precipitated
with protein A/G-conjugated beads (Santa Cruz Biotechnology, Santa Cruz, CA). Beads
were washed with lysis buffer and resuspended in sample buffer. Lysates and immune
complexes were separated by SDS-PAGE, transferred to nitrocellulose, immunoblotted with
primary antibodies, and followed by species-specific horseradish peroxidase (HRP)-
conjugated secondary antibodies. HRP activity was detected by chemiluminescence and
quantitated on a phosphoimager (Typhoon; GE Healthcare, Piscataway, NJ).

Statistical analysis

Results are presented as means + SD or means * SE as indicated. Statistical analyses were
conducted with an unpaired Student’s t-test with significance set at a P value of <0.05.
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RESULTS

Macrophage-secreted factors induce insulin resistance in adipocytes

To evaluate the paracrine interactions between macrophages and adipocytes, we evaluated
how factors secreted from activated macrophages influence adipocyte insulin
responsiveness. As free fatty acids are elevated in obesity (27) and activate macrophages via
Toll-like receptor-4 (TLR4) (29), J774 macrophages were activated with the TLR4 ligand
lipopolysaccharide (LPS). Macrophage-conditioned media were collected after 16 h of
treatment, filtered to remove cells, and then added to differentiated 3T3-L1 adipocytes for
24 h. Insulin responsiveness was assessed by evaluating insulin-stimulated glucose uptake.
Direct addition of LPS or unstimulated J774 conditioned medium to adipocytes did not
significantly impact glucose uptake (data not shown, and see Fig. 2A). However, exposure to
conditioned medium from LPS-activated J774 macrophages significantly increased basal
and decreased insulin-stimulated glucose uptake (Fig. 1A). Increased basal and decreased
insulin-stimulated glucose uptake were also seen with indirect coculture of J774 cells and
adipocytes for 5 days (Fig. 1B), indicating that cross talk between J774 macrophages and
adipocytes is sufficient to decrease insulin responsiveness in adipocytes. Similar results
were observed in adipocytes treated with conditioned medium from activated RAW264.7
cells, another macrophage model cell line (data not shown), and adipocytes in indirect
coculture with RAW?264.7 cells.

To examine the mechanism of altered glucose transport, lysates from adipocytes exposed to
macrophage-conditioned medium were immunoblotted with antibodies to glucose transport
proteins. The GLUT1 glucose transporter was increased with conditioned medium, whereas
GLUT4 expression was decreased (Fig. 1C), correlating with the increased basal and
decreased insulin-stimulated glucose uptake. This altered pattern of glucose transporter
expression is also consistent with changes seen in adipocytes from insulin-resistant obese
mice (48).

Insulin signaling components were also examined. Addition of macrophage-conditioned
medium to adipocytes decreased adipocyte IRS-1 protein levels with a concomitant decrease
in IRS tyrosine phosphorylation (Fig. 1, D and E). Consistent with this change, a mild
reduction in Akt phosphorylation was observed after treatment with macrophage-
conditioned medium. There was no significant change in basal or insulin-stimulated serine
phosphorylation of IRS-1 at Ser397 with macrophage coculture. Additionally, no change in
basal or insulin-stimulated JINK phosphorylation was observed. IR protein levels and
tyrosine phosphorylation were unaffected (Fig. 1, D and E). Time course analysis of
exposure to activated macrophage-conditioned medium revealed that IRS-1 protein levels
were decreased by 1 h of treatment with macrophage-conditioned medium (Fig. 1E).
Insulin-stimulated IRS tyrosine phosphorylation was decreased by 3 h of treatment, although
no changes in IR phosphorylation were observed over this time course.

Macrophage-conditioned medium decreases insulin-stimulated GLUT4 plasma membrane
translocation

Although the 2-DG uptake experiments suggest that insulin-stimulated GLUT4 plasma
membrane translocation is blocked by macrophages, the induction of GLUT1 and increase
in basal glucose uptake with macrophage-conditioned medium and coculture complicate this
assessment. Therefore, we examined the effect of macrophage-conditioned medium on
insulin-stimulated translocation of GLUT4 to the plasma membrane. 3T3-L1 cells stably
expressing a Myc-GLUT4-eGFP fusion protein were differentiated and exposed to
macrophage-conditioned medium for 24 h prior to insulin stimulation. Although insulin
stimulated efficient GLUT4 plasma membrane translocation in control cells (Fig. 2, Aand
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B), treatment with conditioned medium led to a significant decrease in insulin-stimulated
translocation of Myc-GLUT4-eGFP (Fig. 2, C and E). A similar decrease in Myc-GLUT4-
eGFP translocation was seen with coculture of macrophages with adipocytes (Fig. 2, D and
E). Combined with the 2-DG uptake data, this demonstrates that, in addition to increasing
GLUT1 and basal glucose uptake, macrophage-derived signals block insulin-stimulated
GLUT4 membrane trafficking in adipocytes and can thus reduce insulin responsiveness.

Neutralizing anti-TNF-a antibodies reverse the blockade of insulin action caused by
macrophage-secreted factors

The decreased GLUT4 and IRS-1 expression seen with macrophage-conditioned medium
are similar to effects reported from prolonged exposure of adipocytes to TNF-a (22, 41).
TNF-q, IL-6, and IL-1f were all significantly elevated in macrophage-conditioned medium
compared with adipocyte medium alone, with TNF-a present in the highest concentration
(36.3 £ 2 ng/ml TNF-a vs. 3.59 + 0.45 ng/ml IL-6 vs. 87 + 6 pg/ml IL-1f). To investigate
the contribution of TNF-a to the altered insulin response, 3T3-L1 cells were exposed to
macrophage-conditioned medium in the presence or absence of neutralizing anti-TNF-a
antibodies. Medium from nonactivated J774 cells had little effect on glucose uptake, as
previously observed, whereas conditioned medium from activated macrophages increased
basal glucose uptake (Fig. 3A). Anti-TNF-a antibodies reversed the effect of conditioned
medium on the basal glucose uptake, whereas non-specific 1gG controls had no effect on
changes induced by the conditioned medium (data not shown). Additionally, neutralizing
antibodies partially restored the phosphorylation of IRS-1 and Akt that was decreased by
treatment with conditioned medium (Fig. 3B). These results indicate that TNF-a is a
significant contributor to the attenuation of insulin action in this paradigm.

Indirect coculture of primary macrophages and adipose tissue stromal cells with
adipocytes attenuates insulin action

Macrophage populations demonstrate significant heterogeneity in their inflammatory
capacity and response to environmental stimuli (21). J774 and RAW264 cells are convenient
for studying the mechanisms underlying macrophage-adipocyte communication but may not
have the same properties as primary macrophages. To investigate the effect of primary
macrophage populations on adipocyte function, we employed indirect coculture experiments
with peritoneal macrophages (PMs) or adipose tissue SVF cells derived from obese C57BI/6
mice. The SVF is a mixed population of stromal cells comprising ~40-60% F4/80"CD11b*
macrophages, preadipocytes, and fibroblasts (C. N. Lumeng and A. R. Saltiel, unpublished
observations and Ref. 53).

Adherent PMs and SVF cells (10° cells/insert) were cultured in the upper chamber of a
permeable cell culture insert with 3T3-L1 adipocytes cultured in the lower chamber. The
permeable membrane in this culture system permits secreted factors to pass between the two
cell types but does not permit direct cell-cell contact. Coculture with both PMs and SVF
cells led to an increase in basal glucose uptake, which decreased the fold change in insulin-
stimulated glucose uptake (Fig. 4A). Coculture with SVF cells produced a greater inhibitory
effect than did coculture with PMs. Moreover, coculture conditions led to a pronounced
secretion of the proinflammatory cytokines IL-6, MIP-2, and MCP-1 in the media and a
lesser but statistically significant increase in TNF-a (Fig. 4B).

Direct coculture of macrophages in contact with adipocytes blocks insulin action and
alters macrophage morphology and activation

Although indirect coculture permits paracrine interactions between the cell types, it does not
allow cell-cell contacts that may influence activation. The importance of cellular contact on
adipose tissue macrophage properties is evident in cultures of SVF-derived ATMs from

AmJ Physiol Endocrinol Metab. Author manuscript; available in PMC 2014 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lumeng et al.

Page 7

HFD-fed mice. The SVF was isolated from epididymal white adipose tissue from male
HFD-fed mice. Adherent cells were then enriched by adhesion. Cells were cultured for 3
days and stained for macrophage-specific markers. F4/80* ATMs displayed an elongated
morphology with long cellular processes (Fig. 5A). The ATMs spread over surrounding
fibroblasts and produced actin-enriched filopodia. These cells were also positive for
macrophage-specific markers CD11b and CD68 but low in expression of CD14 (Fig. 5, B
and C).

To assess the effect of direct contact between macrophages and adipocytes on insulin
sensitivity, PMs were placed onto 3T3-L1 adipocytes at different densities [0, 104 (10k), 10°
(100Kk) cells/well]. PMs cultured alone appeared rounded or showed minimal spreading with
short processes (Fig. 6A). Differentiated adipocyte cultures were free of undifferentiated
fibroblasts (Fig. 6B). With 72 h of direct coculture, the PMs took on an elongated
appearance with long cellular extensions between and along the surrounding adipocytes
(Fig. 6C), resembling the morphology of ATMs isolated from obese mice. Many of the
macrophages developed increased accumulation of lipid vacuoles in their cytoplasm with
coculture.

To better identify the macrophages in the coculture system, the PMs were labeled prior to
plating onto adipocytes by incubation with PKH26, an inert fluorescent dye that is taken up
by phagocytic cells (Fig. 6D). This enabled tracking of PKH26™ PMs in the adipocyte
cultures. At 24 h of direct coculture with adipocytes, macrophages were rounded in
appearance with short extensions. With 72 h of direct coculture, cells were elongated. These
observations suggest that PMs in coculture with adipocytes undergo morphological
alterations similar to those in ATMs.

Insulin-stimulated glucose uptake was analyzed in the direct coculture model of
macrophages and adipocytes. There was no detectable glucose uptake in macrophage
cultures alone (data not shown). However, a dose-dependent increase in basal glucose
uptake was observed after addition of macrophages to the adipocyte cultures (Fig. 7A),
consistent with previous observations.

The proinflammatory cytokines TNF-a, IL-6, and MCP-1 were significantly induced with
10° PMs added to the coculture, but not 104, consistent with the glucose uptake data (Fig.
7B). Compared with the indirect coculture experiments in which equal numbers of
macrophages (10° cells) were added to adipocytes in similar culture volumes, the levels of
TNF-a (105 £ 65.1 vs. 21 + 3.4 pg/ml, P = 0.025) and MCP-1 (29.0 £ 6.6 vs. 13.4 + 1.8 ng/
ml, P = 0.002) production were greater during direct coculture, suggesting that cell-cell
contact between macrophages and adipocytes potentiates the secretion of these
proinflammatory factors.

DISCUSSION

The observations that macrophages infiltrate and generate inflammatory responses in
adipose tissue have led numerous investigators to reevaluate the mechanisms underlying
insulin resistance. We have examined how macrophages and adipocytes interact in vitro and
whether macrophages can modify insulin responsiveness and glucose metabolism in
adipocytes. Macrophage-secreted factors reduced insulin-stimulated glucose uptake in
adipocytes via downregulation of GLUT4 and IRS-1. Consistent with this, insulin-
stimulated GLUT4 plasma membrane translocation was attenuated by macrophage-secreted
factors. Additionally, GLUT1 transporters were upregulated, correlating with increased
basal glucose uptake. Treatment of macrophage-conditioned medium with TNF-a-blocking
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antibodies partially reversed this inhibitory effect, which was also seen during direct and
indirect coculture.

The deleterious effects of macrophage coculture or addition of macrophage-conditioned
medium to adipocytes are reminiscent of generalized stress responses. GLUT1 appears to be
induced upon conditions of cellular stress such as glucose deprivation in 3T3-L1 adipocytes
(28). Increased basal glucose uptake has been observed in isolated adipocytes from several
obese animal models and is associated with a decrease in insulin responsiveness (16, 48).
Although the mechanisms are unknown, this response may be due to increased GLUT1
mRNA stability, as TNF-a has been shown to induce proteins that bind to the 3’-
untranslated region of the GLUT1 mRNA and stabilize the message (32).

The studies described herein show that macrophages induce the loss of GLUT4 and IRS-1
expression in adipocytes, which parallels changes seen in patients with type 2 diabetes (11,
12). The downregulation and decreased membrane translocation of GLUT4 in response to
insulin demonstrate that macrophage-derived factors can limit the ability of adipocytes to
take up glucose upon insulin stimulation. Although whole body glucose uptake primarily
takes place in muscle, proper glucose transport in adipocytes is required for normal glucose
regulation, as adipose tissue-specific GLUT4 knockout mice demonstrate profound insulin
resistance (1), and overexpression of GLUT4 in adipose tissue can reverse diabetes in mice
without GLUT4 in skeletal muscle (13). Therefore, we and others (34) hypothesize that
macrophage-adipocyte interactions lead to decreased adipocyte glucose transport that can
contribute to the generation of whole body insulin resistance. The exact mechanism for the
cross talk between adipose tissue and muscle is unknown but may involve dysregulation of
circulating factors such as RBP4 (55).

The macrophage-induced alterations in IRS signaling may be explained by activation of
suppressor of cytokine signaling (SOCS)1/3, both of which have been shown to reduce IRS
protein levels by targeting it for ubiquitin-mediated proteosomal degradation (42). In our
experiments, IRS-1 was degraded within 1 h of exposure to macrophage-conditioned
medium. SOCS proteins are activated by a variety of proinflammatory cytokines, such as
TNF-a and IL-6, and are required for the blocking effect of TNF-a on insulin action in
adipocytes (19, 49). Consistent with this, anti-TNF-a neutralizing antibodies prevented the
effects of macrophage-conditioned medium on glucose uptake and IRS-1 downregulation.

Our observations build on previous observations of TNF-a-induced blockade of insulin
action in adipocytes (22, 23, 41). Although these studies examined the effects of exogenous
addition of TNF-a to adipocytes, we started with analysis of macrophage-derived factors
and reveal a role for TNF-a generated in this setting that had been hypothesized but not
directly tested. We also observed that TNF-a is one of many proinflammatory cytokines,
such as IL-6, MIP-2, and MCP-1, that are induced in macrophages with coculture. In
preliminary experiments, we have not observed significant alteration of the macrophage-
induced effects with 1L-6 neutralizing antibodies (C. N. Lumeng and A. R. Saltiel,
unpublished observations).

TNF-a induces the expression of a variety of inflammatory cytokines in adipocytes,
including IL-6, PAI-1, MCP-1, and TNF-a itself (51). Therefore, the induction of insulin-
inhibitory effects of TNF-a may not be direct. Previous studies suggest that TNF-a and
MCP-1 production are coupled, as TNF-a neutralizing antibodies can block MCP-1
production (46). IL-6 and MCP-1 can both render adipocytes insulin resistant (40, 43, 44).
There is 100- to 1,000-fold more MCP-1 than TNF-a or I1L-6 secreted by adipocytes in
coculture with macrophages. MCP-1 knockout mice were protected from HFD-induced
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diabetes, suggesting a possible direct role for MCP-1 in influencing insulin sensitivity in
adipocytes, perhaps in concert with its effects on macrophage recruitment (25).

Macrophages found in SVF cultures produced long extensions and demonstrated an
elongated morphology with spreading alongside and over fibroblast cells in the mixed
culture of adipose tissue stromal cells. Cells with similar morphology have been reported in
stromal vascular cell cultures, although macrophages were not specifically examined in
some of those studies (17, 39, 54). Using a variety of known macrophage markers, we
identified ATMs in obese mice as CD11b*F4/80*CD68*CD14" cells. When PMs were
cocultured with adipocytes, they took on a similar morphology with long cellular processes
that interacted with the surface of adipocytes, suggesting that adipocytes may modify
macrophage properties. Similar elongation of macrophages and extension of filopodia were
described in macrophages upon activation by platelet-activating factor and macrophage
colony-stimulating factor-1 (36, 47). Such changes are crucial to macrophage migration and
chemotaxis and are thought to be mediated by small GTPases such as Cdc42 and Rho.
Direct contact among macrophages and adipocytes enhances inflammatory cytokine
production compared with indirect contact, suggesting that cell-cell interactions modify the
inflammatory response. This is consistent with a model in which macrophages are activated
upon their recruitment into adipose tissue.

These results stress the importance of cellular contact as well as secreted factors in
influencing the interaction between macrophages and adipocytes in adipose tissue. Further
analysis of the relative contributions of IL-6 and TNF-a, as well as cell-cell contact to the
induction of insulin resistance, will be the focus of future attention.
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Fig. 1.

Macrophage-conditioned medium (CM) blocks insulin (Ins) action in 3T3-L1 adipocytes. A:
insulin-stimulated 2-deoxyglucose (2-DG) uptake in 3T3-L1 adipocytes was examined after
exposure to medium harvested from LPS-stimulated J774 macrophages. CM or
unconditioned medium (Control) were added to differentiated 3T3-L1 adipocytes for 24 h.
2-DG uptake assessed without (open bars) or with (filled bars) 30 min of insulin (100 nM)
stimulation. B: 2-DG uptake with indirect coculture. J774 macrophages were cultured in the
upper cell culture insert with differentiated 3T3-L1 adipocytes in the lower chamber for 5
days. 2-DG uptake was assessed with and without insulin stimulation as in A. For A and B,
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data are expressed as means (SD) of triplicate determinants. Similar results were obtained
from 3 independent experiments. *P < 0.05. C: effects of CM on adipocyte glucose
transporter expression. Immunoblots (IB) of 3T3-L1 adipocytes lysates with or without
treatment with CM for 24 h. Cells were stimulated with insulin (100 nM) for 10 min. Actin
was used as loading control. D: effect of CM on insulin signaling in adipocytes. Following
insulin stimulation, adipocyte lysates from cells treated with or without CM were probed for
insulin receptor (IR), IRS-1, Akt/PKB, and phosphorylated Jun kinase (pJNK).
Phosphotyrosine (pY) antibody was used on lysates to identify IR and IRS phosphorylation,
and IRS phospho-Ser3%7-specific antibody was used to probe IRS serine phosphorylation. E:
time course of exposure to CM. Adipocytes were treated with CM from unstimulated (J774
CM) and LPS-stimulated J774 cells (J774 + LPS CM) for 0, 1, 3, and 8 h prior to insulin
treatment (100 nM for 10 min). Lysates were immunoprecipitated (IP) for IRS-1 and IR
using specific antibodies and probed for pY or the immunoprecipitated protein. Actin from
lysates was used as loading control.
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Fig. 2.

CM and macrophage (MP) coculture impair insulin-stimulated GLUT4 plasma membrane
(PM) translocation. A and B: insulin-stimulated GLUT4 translocation in adipocytes. 3T3-L1
adipocytes stably expressing Myc-GLUT4-eGFP fusion protein were serum starved and
treated with medium without (A) or with (B) insulin (100 nM for 15 min). Cells were imaged
for GFP expression, demonstrating translocation of Myc-GLUT4-GFP to the plasma
membrane. C: CM blocks GLUT4 translocation. Myc-GLUT4-eGFP-expressing 3T3-L1
adipocytes were incubated for 24 h with CM. Insulin stimulation was performed as in A. D:
coculture with macrophages blocks GLUT4 translocation. RAW264 macrophages (2 x 10°
cells/well of 6-well dish) were cocultured with Myc-GLUT4-eGFP-expressing 3T3-L1
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adipocytes for 24 h prior to insulin stimulation and imaging GLUT4 translocation. E:
quantitation of GLUT4 plasma membrane translocation. Cells with translocation of Myc-
GLUT4-eGFP to the plasma membrane were quantitated in 2 independent experiments
(>200 cells/experiment) per condition. Data are presented as mean %GLUT4 translocation +
SE. *P < 0.05 vs. control; **P < 0.005 vs. control.
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Fig. 3.

TNF-a blockade partially restores insulin sensitivity in adipocytes when exposed to CM. A:
insulin-stimulated glucose uptake with CM in the presence or absence of TNF-a
neutralizing antibodies (TNFNA). Adipocytes were treated for 16 h with control medium or
CM from unstimulated (MP) or LPS-stimulated (MP + LPS) J774 cells. TNF-a neutralizing
antibodies were added to the media from stimulated cells prior to addition to adipocytes (MP
+ LPS + TNFNA). Insulin-stimulated glucose uptake was then assessed. Data are expressed
as means (SD) of triplicate determinants. Similar results were obtained from 2 independent
experiments. *P < 0.05. B: anti-TNF-a antibodies restore IRS-1 protein levels in adipocytes
exposed to CM. Immunoblots of 3T3-L1 adipocyte lysates from CM experiments were
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probed for IRS-1 expression and Akt serine phosphorylation at Ser4’3. Similar results were
obtained from duplicate experiments, and a representative experiment is shown.
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Fig. 4.

Indirect coculture with primary murine macrophages blocks insulin action in adipocytes. A:
insulin-stimulated glucose uptake in 3T3-L1 adipocytes cocultured with peritoneal
macrophages (PM) or stromal vascular fraction (SVF) cells from epididymal adipose tissue
from C57BI/6 mice. Cells (10°) of PM or SVF were added to cell culture insert, which was
cultured over differentiated 3T3-L1 cells in the lower chamber. After 48 h of coculture,
glucose uptake was assessed with (filled bars) and without (open bars) insulin stimulation.
Data are expressed as means (SD) of triplicate determinants. Similar results were obtained
from 2 independent experiments. *P < 0.05. B: cytokine analysis of media from SVF and
adipocyte coculture. Media from control 3T3-L1 cultures (open bars) and indirect cocultures
of SVF with 3T3-L1 adipocytes (filled bars) were collected and examined for
proinflammatory cytokines TNF-a, IL-6, MIP-2, and MCP-1; n = 5 samples/condition. *P <
0.05.

AmJ Physiol Endocrinol Metab. Author manuscript; available in PMC 2014 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lumeng et al. Page 20

Fig. 5.

Adipose tissue macrophage (ATM) morphology and cell surface markers in obese mice. A:
SVF cells were isolated from high-fat diet-fed mice and selected by adhesion on coverslips.
Cultures were then stained with anti-F4/80 antibodies and visualized by
immunofluorescence microscopy and phase contrast microscopy. B: SVF cells stained for
macrophage marker CD11b (green) and counterstained with rhodamine-phalloidin (red) to
visualize actin-enriched processes and filopodia that extend over fibroblasts (arrow). C: SVF
cells stained for CD68 in permeablized cells and CD14 show that ATMs have a
CD68*CD14~ phenotype. Scale bar, 50 pm for all figures.
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Fig. 6.

Direct coculture of macrophages with adipocytes alters macrophage morphology. A: phase
contrast pictures of thioglycollate PMs in isolated culture. B: phase contrast pictures of
differentiated 3T3-L1 adipocytes in isolated culture. C: direct coculture of PMs and
adipocytes after 3 days demonstrates that macrophages take on an elongated phenotype with
long cellular processes (arrows). Two representative views are shown. Increased
accumulation of intracellular lipid (arrowhead) is also seen in macrophages. D: PMs were
labeled with PKH26 (red) prior to plating on differentiated 3T3-L1 adipocytes. After 1 day
of coculture with adipocytes (top), MPs appear small and oblong. After 3 days of coculture
(bottom), PKH26* macrophages appear more elongated and accumulate intracellular lipid
(arrowhead).
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Direct coculture of macrophages with adipocytes alters insulin sensitivity in a dose-
dependent fashion. A: insulin-stimulated 2-DG uptake in direct coculture. Differentiated
3T3-L1 adipocytes were cultured in FBS (None) or after addition of 104 (10k) or 10° (100k)
PM. 2-DG uptake was assessed with (filled bars) or without (open bars) 30 min of insulin
stimulation. Although 10k PMs had minimal effects on glucose uptake, 100k PMs led to an
increase in basal glucose uptake and a decrease in fold insulin stimulation. Data are
expressed as means (SD) of triplicate determinants. Similar results were obtained from 2

independent experiments.

*P < 0.05. B: cytokine analysis of coculture media. Media from
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the 3 conditions of coculture were evaluated for cytokine levels of TNF-a, IL-6, (top), and
MCP-1 (bottom); n = 3 samples/condition. **P < 0.001; *P < 0.05.
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