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Complex bidirectional cross talk between adipocytes and
adipose tissue immune cells plays an important role in reg-
ulating adipose function, inflammation, and insulin respon-
siveness. Adipocytes secrete the pleiotropic cytokine IL-6
in response to both inflammatory and catabolic stimuli.
Previous studies have suggested that IL-6 secretion from
adipocytes in obesity may promote adipose tissue inflam-
mation. Here, we investigated catabolic stimulation of adi-
pocyte IL-6 secretion and its impact on adipose tissue
immune cells. In obesity, catecholamine resistance re-
duces cAMP-driven adipocyte IL-6 secretion in response
to catabolic signals. By restoring adipocyte catecholamine
sensitivity in obese adipocytes, amlexanox stimulates
adipocyte-specific IL-6 secretion.We report that in this con-
text, adipocyte-secreted IL-6 activates local macrophage
STAT3 to promote Il4ra expression, thereby sensitizing
them to IL-4 signaling and promoting an anti-inflammatory
gene expression pattern. Supporting a paracrine adipo-
cyte to macrophage mechanism, these effects could be
recapitulated using adipocyte conditioned media to pre-
treat bone marrow–derived macrophages prior to polari-
zation with IL-4. The effects of IL-6 signaling in adipose
tissue are complex and context specific. These results
suggest that cAMP-driven IL-6 secretion from adipocytes
sensitizes adipose tissuemacrophages to IL-4 signaling.

Chronic low-grade inflammation has been implicated in
many of the common comorbidities associated with obesity,

including type 2 diabetes and nonalcoholic steatohepatitis.
The noncanonical IkB kinases IKKe and TBK1 are induced
by chronic inflammation in adipocytes and perpetuate obe-
sity by affecting catecholamine resistance via the activation
of phosphodiesterase-3B (1–4). Treatment of obese mice
with amlexanox, a dual-specificity inhibitor of IKKe and
TBK1, results in improved metabolic health via weight loss
and resolution of white adipose tissue (WAT) inflammation
(2). By restoring cAMP signaling in adipocytes, amlexanox
also promotes the expression of interleukin-6 (IL-6) (5).
IL-6 is a pleotropic cytokine with a complex role in obesity
and WAT inflammation. While IL-6 levels are associated
with an increased risk of diabetes in obese individuals
(6–8), Il6 knockout (KO) mice are protected from age-
associated obesity and diet-induced metabolic dysfunction
(9,10), and IL-6 signaling in macrophages has an anti-
inflammatory impact in obese WAT (11,12). The specific
contribution of adipocyte-secreted IL-6 is unclear. One
study observed proinflammatory trans-signaling in obese
WAT (13), while another observed no effect (14). Catabol-
ically stimulated adipocyte IL-6 secretion has not been
investigated.

In this study, we found that in vivo amlexanox treatment
resulted in an IL-6–dependent Tyr705 phosphorylation
of STAT3 (pY705 STAT3) in adipose tissue macrophages
(ATMs). The activation of STAT3 in macrophages resulted
in upregulation of Il4ra and sensitization to IL-4 signaling.
This effect could be recapitulated in vitro by treating bone
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marrow–derived macrophages (BMDMs) with conditioned
media from adipocytes treated with amlexanox. In vivo am-
lexanox treatment sensitized ATMs to IL-4 in a macrophage
STAT3–dependent manner.

RESEARCH DESIGN AND METHODS

Animals
The following strains of mice from The Jackson Laboratory
were bred for littermate-controlled experiments: C57BL/6J
(Research Resource Identifier [RRID]: IMSR_JAX:000664)
Stat3 floxed (RRID: IMSR_JAX:016923), LysM-cre (RRID:
IMSR_JAX:004781), Adipoq-cre (RRID: IMSR_JAX:010803),
and Il6 KO (RRID: IMSR_JAX:002650). Obesity was in-
duced by a high-fat diet with 45% of calories from fat
(D12451; Research Diets), starting at 6–10 weeks of age.
Amlexanox was administered by daily oral gavage at a dose
of 25mg/kg to preconditioned male mice after 13–14 weeks
on a high-fat diet. Mice were housed in a specific pathogen–
free facility with a 12-h light, 12-h dark cycle and given free
access to food and water. All animal use was approved by the
institutional animal care and use committees of the Univer-
sity of California, San Diego; University of Michigan; and
Weill Cornell Medicine.

Stromal vascular cells (SVCs) and mature adipocytes
were isolated from WAT by centrifugation following colla-
genase digestion. Serum IL-6 levels were quantified using
a Mouse IL-6 Quantikine ELISA kit (SM6000B; R&D Sys-
tems) with 50 mL of serum or media.

Cells

3T3-L1 Media Conditioning
RPMI media from differentiated 3T3-L1s treated with
100 mmol/L amlexanox or vehicle were collected after 4 h.
Conditioned media were incubated with IL-6 neutralizing an-
tibody (IL-6NA) 10 mg/mL (MAB406 [R&D Systems]; RRID:
AB_2233899) or normal goat IgG control antibody 10 mg/mL
(AB-108-C [R&D Systems]; RRID: AB_354267) for 15 min.

BMDM
Dispersed bone marrow cells from 6–8-week-old male
mice were placed in culture media (10% FBS, 20 ng/mL
macrophage colony–stimulating factor [315-02; Pepro-
tech], 20 mmol/L HEPES, 2 mmol/L L-glutamine, and
1 mmol/L sodium pyruvate in RPMI). On day 6, cells were
incubated with 50 ng/mL IL-6 (406-ML-025; R&D Sys-
tems) or conditioned culture media prior to the addition of
10 ng/mL IL-4 (404-ML-025/CF; R&D Systems) on day 7.

FACS
WAT macrophages identified as CD451, CD11c1, Emr11,
CD31� were sorted into triazole for gene expression analy-
sis. Each animal was sorted separately. BMDM identity was
confirmed by Emr1 and CD11b dual positivity. The follow-
ing antibodies were purchased from Thermo Fisher Scien-
tific: FC block (CD16/32) (14-0161-82; RRID: AB_467133),
FITC-conjugated anti-CD45(30-F11) (11-0451-82; RRID:

AB_465050), Pacific Blue–conjugated anti-CD45(30-F11)
(MCD4528; RRID: AB_10373710), Brilliant Violet–conjugated
anti-CD45 (103147; RRID: AB_2564383), phycoerythrin
(PE)-conjugated anti-CD64 (12-0641-82; RRID: AB_2735014),
allophycocyanin (APC)-conjugated anti-RRID: AB_469346),
Percp-Cy5–conjugated anti-CD3 (45-0031-82; RRID:
AB_1107000), PE-Cy7–conjugated anti-CD31 (25-0311-82;
RRID: AB_2716949), APC-Cy7–conjugated anti-LysG (25-
9668-82; RRID: AB_2811793), and eFluor-450–conjugated
pY705 STAT3 (48-9033-42; RRID: AB_2574121). The fol-
lowing antibodies were purchased from BioLegend: APC-
Cy7–conjugated anti-CD11c (117324; RRID: AB_830649),
APC-conjugated anti-Emr1 (123116; RRID: AB_893481), APC/
Fire-conjugated anti-CD11b (101262; RRID: AB_2572122), and
PE/Cy7-conjugated anti-CD31 (102418; RRID: AB_830757).
Alexa Fluor 647–conjugated anti-CLEC10A/CD301 was from
Novus Biologicals (64874AF647; RRID: AB_2915978). Stained
cells were analyzed or sorted by flow cytometry on a MoFlo As-
trios cell sorter (Beckman Coulter) at the University of Michigan
Flow Cytometry Core or on the BDFACSAria II at the University
of California, SanDiego, Flow Cytometry Core inMoores Cancer
Center.

Western Blot Analysis
The following primary antibodies were purchased from Cell
Signaling Technology: pY705 STAT3 1:1,000 (9145; RRID:
AB_2491009), STAT3 1:4,000 (9139; RRID: AB_331757),
STAT6 (9362; RRID: AB_2271211), pY641 STAT6 1:1,000
(56554; RRID: AB_2799514), b-tubulin 1:1,000 (2146; RRID:
AB_2210545), and p38 1:1,000 (9212; RRID: AB_330713).
The following secondary antibodies were purchased from
Thermo Fisher Scientific: goat anti-mouse 1:10,000 (31430;
RRID: AB_228307) and goat anti-rabbit 1:10,000 (31460;
RRID: AB_228341).

Immunohistochemistry
After blocking with 5% goat serum, slides were incubated
overnight with 1:200 anti-pY705 STAT3 and detected
with 3,30-diaminobenzidine (DAB) after washing.

Gene Expression Analysis
Real-time PCR with Power SYBR Green was performed us-
ing the QuantStudio 5 Real-Time PCR system (Applied Bio-
systems) and quantified using an internal standard curve
with Arbp as the control gene.

Data and Resource Availability
All data generated or analyzed during this study are included
in the published article (and its online supplementary files).
No applicable resources were generated or analyzed during
the current study.

RESULTS

Amlexanox treatment of obese mice acutely promotes adi-
pocyte IL-6 secretion via cAMP signaling (15). Four hours
after oral gavage with amlexanox, when serum IL-6 levels
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peak, pY705 STAT3 is elevated in WAT (Fig. 1A). Immu-
nohistochemical analysis revealed many pY705 STAT3–
positive nuclei in crown-like structures (Fig. 1B). KO of
STAT3 in adipocytes significantly reduced total WAT levels
of STAT3 (Fig. 1A and C). The remaining STAT3, attributable
to nonadipocyte cells, was similarly phosphorylated (Fig. 1A
and D). To investigate STAT3 phosphorylation in immune
cells, SVCs were collected and analyzed for pY705 STAT3 by
FACS. Amlexanox specifically increased pY705 STAT3 in
both Cd11c1 and Cd11c� ATMs (Fig. 1E–G). No STAT3

activation was observed in neutrophils, dendritic cells, or
T cells (Fig. 1H–J). The mechanism of specificity for macro-
phages is not clear.

To determine dependence on IL-6, we used whole-body
Il6 KO animals. While littermate controls demonstrated el-
evated serum IL-6 following amlexanox treatment, IL-6 lev-
els were undetectable in the Il6 KO animals (Fig. 2A).
Hepatic STAT3 is activated by adipocyte-secreted IL-6 fol-
lowing amlexanox treatment (15). As expected, amlexanox
treatment induced hepatic pY705 STAT3 in the wild-type
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(WT) but not Il6 KO livers (Fig. 2B and C). Staining for
pY705 STAT3 was prominent in crown-like structures from
WT but not Il6 KO WAT (Fig. 2D and E). Accordingly,
Socs3, a STAT3 target gene, was elevated in the WAT by am-
lexanox treatment only in WT mice (Fig. 2F). The increase in
macrophage pY705 STAT3 by amlexanox was dependent on
IL-6, as it was not observed in ATMs from Il6 KO mice (Fig.
2G–K). The presence of pY705 STAT3 in the Il6 KO ATMs
may be mediated by another IL-6 family cytokine, none of
which are induced by amlexanox (Supplementary Fig. 1).

IL-6 stimulation in macrophages activates STAT3-mediated
expression of Il4ra, thereby sensitizing the cells to the anti-
inflammatory effects of IL-4 (11,12). Using BMDMs, we con-
firmed that IL-6 treatment increased Il4ra expression and
pY641 STAT6 in response to IL-4 treatment (Supplementary
Fig. 2A and B). IL-6 pretreatment increased the induction of
Arg1 and suppression of Il1b expression by IL-4 (Supplementary
Fig. 2C and D).

To determine whether IL-6 secreted from amlexanox-
treated adipocytes may function as a paracrine signal to
ATMs, we treated BMDMs with conditioned media from
amlexanox-treated 3T3-L1 adipocytes (Fig. 3A). Amlexa-
nox conditioned media (ACM), but not direct amlexanox
treatment, increased the percentage of CD3011 cells in
BMDM polarized with IL-4 (Fig. 3B). While conditioned
media from adipocytes treated with vehicle conditioned

media (VCM) did not significantly increase Il4ra expres-
sion in BMDMs, ACM increased Il4ra expression sixfold
over nonconditioned media (NCM) (Fig. 3C). ACM, but
not VCM, increased Arg1 and decreased Itgax expression in
BMDM polarized with IL-4 (Fig. 3D and E). Importantly,
ACM did not promote CD3011 macrophages in Stat3 KO
BMDMs (from LysM-cre–driven myeloid cell–specific Stat3
KO [SMKO] mice), indicating that the effects of the ACM
on macrophage polarization were mediated through STAT3
(Fig. 3B). Direct amlexanox treatment did not promote
Il4ra or Arg1 expression in BMDMs, either alone or in com-
bination with IL-6 treatment (Fig. 3F and G), while Itgax
expression was additively suppressed both by IL-6 and am-
lexanox (Fig. 3H).

To confirm that IL-6 in the ACM mediates the effects
of amlexanox, we treated the conditioned media with IL-
6NA or IgG antibody control (Fig. 3I and Supplementary
Fig. 3). Neutralization of IL-6 prevented the induction of
pY705 STAT3 and blocked the induction of Il4ra in
BMDMs treated with ACM (Fig. 3J and K). Accordingly,
neutralization of IL-6 in the ACM blocked its ability to
promote Arg1 expression in IL-4–polarized macrophages
and attenuated the suppression of Itgax expression (Fig.
3L and M). These results suggest that IL-6 secreted from
amlexanox-stimulated adipocytes sensitizes macrophages
to IL-4 signaling.
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with 100 mmol/L amlexanox in RPMI medium for 4 h. Direct treatment of BMDMs with amlexanox was also performed with 100 mmol/L
amlexanox. A: Schematic of adipocyte media conditioning and treatment of BMDMs. B: Percent CD3011 staining of F4/80, CD11b dual-
positive BMDM treated with amlexanox directly, or ACM (n5 3 per group). *P< 0.05, comparison indicated by line. C–E: Gene expression
in BMDMs pretreated with NCM, VCM, or ACM for 24 h before the addition of IL-4 for another 24 h (n 5 4 per group). *P < 0.05 ACM vs.
VCM;�P< 0.05 ACM vs. NCM. F–H: Gene expression in BMDMs treated with 50 ng/mL IL-6 with and without amlexanox, normalized to the VCM
(n5 6 per group). *P< 0.05 vehicle vs. amlexanox;�P< 0.05 control vs. IL-6. I: Schematic of adipocyte media conditioning with neutralizing anti-
bodies and administration to BMDMs. J–M: BMDMs treated with VCM or ACM in which IL-6 was neutralized with IL-6NA or IgG control. *P< 0.05
IgG vs. IL-6NA;�P< 0.05 ACM vs. NCM. J: Western blot analysis of pY705 STAT3; b-tubulin serves as a loading control (n5 3 per group). Statisti-
cal significance determined by post hoc analysis after significant ANOVA. A, amlexanox; AU, arbitrary unit; V, vehicle; V-cont, vehicle control.
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To determine whether in vivo amlexanox treatment re-
sults in similar IL-4 sensitization in ATMs, we measured
gene expression in mature adipocytes and ATMs isolated
from mice 8 h after a single dose of amlexanox or vehicle
control. The reduction in Adrb3 expression (due to feedback
inhibition) by amlexanox treatment was significant in both
the WT and SMKO mature adipocytes, with no significant
differences between the genotypes (Fig. 4A). Amlexanox in-
duced Il4ra expression in WT but not SMKO ATMs (Fig.

4B). Consistent with sensitization to IL-4 signaling in vivo,
amlexanox treatment increased the expression of Il10 in
ATMs from WT but not SMKO WAT (Fig. 4C). The fre-
quency of proinflammatory Cd11c1 ATMs decreased
52 h after amlexanox treatment in WT but not SMKO
mice, again indicating dependence on macrophage STAT3
(Fig. 4D and E). Notably, we did not observe any change
in the expression of macrophage recruiting factor Mcp1 in
the adipocytes from mice treated with amlexanox versus
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Figure 4—In vivo sensitization of macrophages to IL-4 by amlexanox requires STAT3. A–C: Obese male mice aged 20–24 weeks were treated
with 25 mg/kg amlexanox or vehicle control. After 4 h, the eWAT was collected and digested with collagenase (n5 3 per group). A: Quantitative
PCR analysis of Adrb3 expression in mature adipocytes from epididymal fat. B and C: Quantitative PCR analysis of gene expression in epididy-
mal ATMs (Cd451, F4/801, Cd11b1, and Cd3�) isolated by FACS from SVCs. D and E: FACS analysis of SVCs isolated from the epididymal fat
of obese male mice aged 20–24 weeks treated with 25 mg/kg amlexanox or vehicle control for 52 h (n5 6 per group). Macrophages defined as
CD451, F4/801, CD11b1, and Cd3� cells. D: CD11c1 macrophages as a percentage of CD451 cells. E: CD11c1 macrophages as a percentage
of total macrophages. F: Quantitative PCR analysis of Mcp1 expression in mature adipocytes from epididymal fat (n 5 3 per group). G: Sche-
matic of oral amlexanox treatment and activation of this adipocyte-to-macrophage communication axis. Statistical significance determined by
post hoc analysis after significant two-way ANOVA. *P < 0.05 vehicle vs. amlexanox within genotype; �P < 0.05 WT vs. KO within treatment
group. AU, arbitrary unit.
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vehicle control (Fig. 4F). These data support a model in
which adipocyte-secreted IL-6 resulting from oral amlexa-
nox treatment plays a paracrine role activating local mac-
rophage STAT3, which in turn upregulates the expression
of Il4ra, thereby increasing the sensitivity of the macro-
phages to IL-4 signaling (Fig. 4G).

DISCUSSION

The role of IL-6 in adipose tissue inflammation and meta-
bolic health is complex. Adding to this complexity are nu-
merous cellular sources of IL-6 in WAT (13,16). IL-6 is a
pleotropic cytokine whose production is stimulated by a va-
riety of signaling pathways. In adipocytes, IL-6 secretion
can be stimulated by inflammatory nuclear factor-kB signal-
ing or catabolic cAMP signaling downstream of catechol-
amine stimulation. Studies in obese adipocyte–specific Il6
KO mice have suggested that adipocyte-secreted IL-6 pro-
motes WAT inflammation or has no net effect (13,14,17).
Obese adipocytes primarily secrete IL-6 downstream of in-
flammatory, but not catabolic, stimulation due to increased
nuclear factor-kB signaling and catecholamine resistance
(3,4,18,19). To probe the impact of catabolic IL-6 secretion
from adipocytes in the context of obesity, we used amlexa-
nox treatment, which reverses intracellular catecholamine
resistance to stimulate IL-6 secretion in obese adipocytes
(2,4). We observed that amlexanox-stimulated IL-6 secre-
tion from adipocytes activates STAT3 in ATMs, sensitizing
them to IL-4 by upregulating the expression of IL4ra. Previ-
ous studies have reported direct anti-inflammatory effects
of amlexanox (20–22), but direct amlexanox treatment in
BMDMs did not activate STAT3 or sensitize them to IL-4
treatment. We did observe a direct additive effect of am-
lexanox to suppress Itgax expression in BMDMs. However,
the in vivo impact of amlexanox to acutely reduce the
percentage of CD11c1 ATMs depended on macrophage
STAT3. While our results suggest an anti-inflammatory ef-
fect of amlexanox-induced IL-6 secretion from adipocytes,
there are likely multiple pathways by which amlexanox
affects WAT inflammation in obese animals. One limita-
tion of these studies is the exclusive use of amlexanox
to induce catabolic adipocyte IL-6 secretion. Additional
studies are required to determine whether this signaling
axis is active in other physiological/pathophysiological
contexts when adipocytes are catabolically activated.
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