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CD11c1 macrophages/dendritic cells (MDCs) are increased
and display the classically activated M1-like phenotype in
obese adipose tissue (AT) and may contribute to AT in-
flammation and insulin resistance. Stat1 is a key transcrip-
tion factor for MDC polarization into the M1-like phenotype.
Here, we examined the role of Stat1 in obesity-induced
AT MDC polarization and inflammation and insulin re-
sistance using mice with specific knockout of Stat1 in
MDCs (cKO). Stat1 was upregulated and phosphory-
lated, indicating activation, early and persistently in AT
and AT MDCs of wild-type mice fed a high-fat diet (HFD).
Comparedwith littermate controls, cKOmice fed an HFD
(16 weeks) had reductions in MDC (mainly CD11c1 mac-
rophage) M1-like polarization and interferon-g–expressing
T-helper type 1 (Th1) cells but increases in interleukin 5–
expressing Th2 cells and eosinophils in perigonadal and
inguinal AT, and enhanced inguinal AT browning, with in-
creased energy expenditure. cKO mice compared with
controls also had significant reductions in triglyceride con-
tent in the liver andskeletalmuscle andexhibited improved
insulin sensitivity and glucose tolerance. Taken together,
our results demonstrate that Stat1 in MDCs plays an
important role in obesity-induced MDC M1-like polariza-
tion and AT inflammation and contributes to insulin re-
sistance and metabolic dysfunctions in obese mice.

Obesity is a major risk factor for type 2 diabetes, fatty liver
disease, andmany other diseases (1). Obesity causes adipose
tissue (AT) expansion and inflammation, which contributes

to insulin resistance and type 2 diabetes (2–4). Increased
number ofmacrophages is a hallmark of AT inflammation in
obesity (5–7). Furthermore, macrophages in obese AT ex-
press high levels of CD11c (8–10), a b2-integrin that is
usually expressed on mouse dendritic cells (DCs) and a sub-
population of monocytes and macrophages (11). CD11c1

cells in AT include CD11c1 macrophages and DCs (which
are all CD11c1) (12) and are here referred to as macro-
phages/DCs (MDCs). MDCs in obese AT exhibit classically
activated M1-like proinflammatory phenotypes and are the
major contributors to obesity-induced AT inflammation
(8–10,12–15). However, the transcriptional mechanism
for MDC M1-like polarization in obese AT remains poorly
understood.

Signal transducer and activator of transcription 1 (Stat1)
is a key transcription factor for macrophage polarization
into the M1-like phenotype (16). To be functional, Stat1
needs to be phosphorylatedmainly by Janus kinase 1 (Jak1)
and Jak2 (17). Stat1 then dimerizes, translocates into the
nucleus, and regulates expression of a large number of
proinflammatory molecules (17,18). Interferon-g (IFN-g),
which is mainly produced by CD41 T-helper type 1 (Th1)
and effector CD81 T cells and is increased in AT in obesity
(19–21), is the primary inducer to activate Jak/Stat1 sig-
naling (17). Toll-like receptor 2 (TLR2)– and TLR4-mediated
pathways, which are induced in obese AT (22,23), also
activate Stat1 signaling (18). Nevertheless, a potential role
of Stat1 in obesity-linked AT MDC polarization and in-
flammation and metabolic functions has not been reported.
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In the current study, we aimed to examine the role of Stat1
in obesity-induced AT CD11c1 MDC polarization and
inflammation and in metabolic functions in mice.

RESEARCH DESIGN AND METHODS

Animal Care and Use
Wild-type (WT) C57BL/6J mice purchased from The Jack-
son Laboratory (Bar Harbor, ME) were maintained in the
animal facility at Baylor College of Medicine. Mice with
Stat1 knockout in CD11c1 cells (cKO) were generated by
crossbreeding CD11c-Cre mice (Stock No. 008068; The
Jackson Laboratory) and Stat1fl/fl mice (24). CD11c-Cre1/2

Stat1fl/fl cKO mice and CD11c-Cre2/2Stat1fl/fl littermate
controls were co-housed in the same cages where possible
and fed normal chow diet (ND) (12% kcal from fat)
(PicoLab Rodent Diet 5010; Purina Mills, St. Louis, MO)
after weaning until 8 weeks old. Then, mice were fed
western high-fat diet (HFD) (41% kcal from fat) (Dyet
112734; Dyets Inc., Bethlehem, PA) for up to 16 weeks or
maintained on ND for the same period. All mice were
housed at room temperature (20–22°C) in a pathogen-free
facility that maintained a 12-h light/12-h dark cycle
throughout. For AT uncoupling protein 1 (UCP1) protein
assay, mice were injected intraperitoneally with CL316,243
(Sigma-Aldrich, St. Louis, MO) at 1 mg/kg daily for 7 days.
Total fat mass and leanmass were determined with a Lunar
PIXImus small animal densitometer (GE Healthcare, Mad-
ison, WI). Perigonadal AT (pAT), inguinal AT (iAT), liver,
and skeletal muscle were dissected and used for the study.
Animal studies and procedures were approved by the
institutional animal care and use committee of Baylor
College of Medicine.

AT From Human Subjects
Omental AT was collected from 21 subjects with morbid
obesity (20 females, 1 male; mean age 38.3 6 1.8 years;
mean BMI 49.9 6 1.7 kg/m2) at the time of bariatric
surgery. Human studies were approved by the institutional
review board of Baylor College of Medicine, and informed
consent was obtained.

Metabolic Studies
Intraperitoneal glucose tolerance test (GTT) and in-
sulin tolerance test (ITT) were performed, and insulin-
stimulated Akt phosphorylation was examined in pAT,
skeletal muscle, and liver tissues in mice after fasting
for 6 h (19,20,25). Oxygen consumption and energy
expenditure were examined in mice using Oxymax system
cages (Columbus Instruments, Columbus, OH) for a total
of 4 days after acclimation for 3 days. Triglyceride (TG)
content in the liver and skeletal muscle was measured as
described previously (19,20,25).

Flow Cytometry
Stromal vascular cells (SVCs) were isolated from pAT and
iAT following digestion with collagenase type I (Worthing-
ton Biochemical Corporation, Lakewood, NJ) and under Fc

receptor blockade with anti-mouse CD16/CD32 (BD Bio-
sciences, San Jose, CA), stained with antibodies specific for
various immune cell markers (Supplementary Table) or
respective isotype controls. For intracellular detection of
cytokines, SVCs were incubated with Leukocyte Activation
Cocktail (BD Biosciences) or lipopolysaccharide (200 ng/
mL) and Golgi Plug (BD Biosciences) in complete RPMI
medium for 4–12 h and then fixed and permeabilized with
Cytofix/Cytoperm kit (BD Biosciences) and stained for
various cytokines (19–21,25). For Foxp3 staining, SVCs
were fixed and permeabilized using a Foxp3/Transcription
Factor Staining Buffer Kit (Thermo Fisher Scientific,
Waltham, MA). Data were collected with an LSR II Flow
Cytometer (BD Biosciences) and analyzed using Kaluza
software (Beckman Coulter, Indianapolis, IN). Viable
CD451 cells were first gated. Within viable CD451 cells,
total macrophages and DCs were identified as F4/801/high

cells, which were classified into CD11c1/CD2062/low M1-
like MDCs and CD2061/CD11c2 M2-like macrophages
and examined for intracellular expression of interleukin
12 (IL-12) and tumor necrosis factor-a (TNF-a). In a sep-
arate experiment, on the basis of CD64 expression (12),
CD11c1MDCs were separated into CD11c1CD641macro-
phages and CD11c1CD642 DCs, which were further ex-
amined for expression of IL-12 and TNF-a. Total T cells
were identified as CD31 cells, within which CD41 and
CD81 T cells were quantified and examined for intracel-
lular expression of IFN-g and IL-5. Regulatory T cells
(Tregs) were defined as Foxp31CD251 cells within CD41

T cells. Eosinophils were identified as CD1701 cells. Data
were presented as cell numbers per gram AT calculated by
using counting beads (BioLegend, San Diego, CA) or as
percentages of cell subsets in certain cell types. Macro-
phages, DCs, and T cells were also examined in splenocytes
(26).

Cell Isolation
After collagenase digestion of pAT, adipocytes were floated
and isolated, and SVCs were pelleted by centrifugation.
MDCs were isolated from SVCs using FITC-conjugated
anti-mouse CD11c antibody (BioLegend) and FITC Positive
Selection Kit II (STEMCELL Technologies, Cambridge,
MA); the rest of the SVCs were also used.

Immunohistochemistry
Paraformaldehyde-fixed paraffin-embedded tissue sections
were stained with hematoxylin and eosin or processed for
immunostaining for UCP1 (19–21,25). Images of stained
tissue sections were captured using a microscope coupled
with NIS-Elements software (Nikon Eclipse Ci; Nikon
Instruments, Melville, NY) and analyzed using ImageJ
software.

RNA Isolation and Quantitative RT-PCR
Total RNA was isolated from tissues using TRIzol Reagent
(Thermo Fisher Scientific). Gene expression was examined
by quantitative RT-PCR (RT-qPCR) using predesigned

diabetes.diabetesjournals.org Antony and Associates 721

https://doi.org/10.2337/figshare.13348094


primers and probes (Thermo Fisher Scientific) and
expressed as relative mRNA levels to 18S rRNA internal
control.

Western Blotting
Tissues or isolated cell fractions were homogenized in
cOmplete Lysis-M EDTA-free buffer (MilliporeSigma, St.
Louis, MO). Western blotting was performed for Ser473-
phosporylated (pAkt), Tyr701-phosphorylated Stat1 (pStat1),
total Akt (tAkt), total Stat1 (tStat1), tubulin, and b-actin
(19,20,25).

In Vivo Neutralization of IL-5
cKO mice on HFD for 12 weeks (or WT on ND) started to
receive intraperitoneal injections of 40 mg of anti-mouse/
human IL-5 antibody or isotype control (BioLegend) once
every 72 h for a total of up to 11 injections. ITT and GTT
were performed at 2 days after 9 and 10 injections, re-
spectively. Mice were euthanized at 2 days after 11 injec-
tions (or 2 injections in WT mice). pAT and iAT were
harvested for further analyses.

Statistics
All data are presented as mean 6 SD and were tested for
normal distribution and equivalence of variance. Unpaired
Student t test or Mann-Whitney U test (for comparisons
between two groups) or one-way ANOVA or Kruskal-Wallis
test followed by post hoc pairwise comparisons (for three
or more groups) was used for statistical analysis performed
in GraphPad Prism 8.3. Pearson correlation coefficient was
computed to examine correlations. P # 0.05 was consid-
ered statistically significant.

Data and Resource Availability
All data generated or analyzed during this study are in-
cluded in the published article (and its Supplementary
Material). The mouse model generated and/or analyzed
during the current study is available from the correspond-
ing author upon reasonable request.

RESULTS

Stat1 in AT and ATMDCs ofWTMice Fed HFD and in AT
of Obese Humans
We first observed that after HFD feeding inWTmice, Stat1
was upregulated and phosphorylated early (within 1 week
of HFD) and persistently (at 16 weeks on HFD) in pAT (Fig.
1A). Further analysis indicated that Stat1 was elevated
early and persistently in pAT MDCs (CD11c1) (Fig. 1B)
and adipocytes of WT mice fed HFD (Fig. 1C). Further-
more, STAT1 mRNA levels were positively correlated with
CD11c levels in visceral AT of humans with morbid obesity
(Fig. 1D).

Generation and Characterization of cKO Mice
Next, we generated mice with Stat1 knockout in CD11c1

cells (cKO) to examine the role of MDC Stat1 in obesity.
Compared with littermate controls, cKO mice had reduced
mRNA levels of Stat1 in pAT and iAT and specific ablation

of Stat1 in CD11c1 MDCs (Fig. 2A and B). When fed ND,
cKO mice compared with controls showed no differences
in body weight, total fat and lean mass, and weight and
ratios to body weight of pAT pads and liver (Fig. 2C–G).
HFD feeding resulted in comparable weight gain in cKO
and control mice (Fig. 2C). At 16 weeks on HFD, cKO mice
and controls had similar total fat and lean mass and pAT
size, but cKO mice had smaller livers (Fig. 2D–G). There-
fore, Stat1 ablation in MDCs in mice leads to no changes in
HFD-induced weight gain and fat mass but to smaller
livers.

cKO Mice on HFD Exhibit an Improved Phenotype of
Macrophages and DCs in pAT and iAT
Flow cytometric analysis showed that total F4/801 macro-
phages and DCs in both pAT and iAT were not significantly
different between cKO mice and controls fed HFD for
16 weeks (Fig. 3A and B). Within the total F4/801 cells of
pAT, the percentage of CD11c1 M1-like MDCs was re-
duced and the percentage of CD2061 M2-like macro-
phages increased, leading to a significantly reduced ratio of
M1- to M2-like macrophages and DCs in obese cKO mice
compared with obese controls (Fig. 3A). In contrast, these
changes did not occur in iAT (Fig. 3B). In obese control
mice, CD11c1 MDCs in pAT and iAT compared with
CD11c2 macrophages expressed higher levels of type
1 cytokines, including IL-12 (Fig. 3C and D) and TNF-a
(data not shown), consistent with a proinflammatory phe-
notype. Importantly, compared with those in obese con-
trols, CD11c1 MDCs in pAT and iAT of obese cKO mice
expressed lower levels of IL-12 and TNF-a (Fig. 3C and D).

Further analysis revealed that CD11c1CD641 macro-
phages accounted for the majority of CD11c1 MDCs in
pAT and iAT of both controls and cKOmice (Fig. 3E and F),
consistent with another report (12). cKO and control mice
did not show significant differences in the proportions of
macrophages and DCs within CD11c1 MDCs in pAT and
iAT (Fig. 3E and F). In obese controls, CD11c1 macro-
phages compared with DCs in pAT and iAT expressed
higher levels of IL-12 and TNF-a (Fig. 3G and H). CD11c1

macrophages, but not DCs, in pAT and iAT of obese cKO
versus control mice showed significant reductions in IL-12
and TNF-a levels (Fig. 3G and H). Compared with obese
controls, cKO mice tended to have lower MHC-II on DCs
but not on macrophages in pAT and iAT (Supplementary
Fig. 1). However, the difference in DC MHC-II levels did
not reach statistical significance.

Gene expression analysis showed that M1-like macro-
phage markers, such as IL-12, TNF-a, MCP-1, and in-
terferon regulatory factor 5, were reduced, and M2-like
markers, including CD206 and interferon regulatory fac-
tor 4, tended to be increased in AT, particularly pAT, of
cKO mice compared with controls (Fig. 3I and J). These
data suggest that Stat1 ablation in MDCs mainly improves
macrophage phenotype, with reductions in M1-like macro-
phages and a trend toward increases in M2-like macro-
phages, in AT of mice with obesity.
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T-Cell–Related Inflammation Is Altered in pAT and iAT
of cKO Mice on HFD

Given the role of T cells in AT inflammation and metabolic
function (10,15,21,27–31), we examined AT T cells and
related inflammation. Flow cytometric analysis showed
no changes in total T-cell numbers in pAT or iAT of HFD-
fed cKO mice compared with controls (Fig. 4A and B).
Within total T cells in pAT, the proportion of CD81

T cells, which showed greater increases than CD41

T cells in pAT of obese versus lean WT mice (19,27), was
significantly reduced, whereas no change was noted in
the proportion of CD41 cells in obese cKO mice com-
pared with controls (Fig. 4A). Within CD41 T cells, the

percentage of IFN-g–expressing Th1 cells diminished, the
percentage of IL-5–expressing Th2 cells increased, and
Tregs did not change significantly in pAT and iAT of obese
cKO mice compared with controls (Fig. 4C and D). Gene
expression analysis showed that CD8 and IFN-g were
reduced and IL-5 tended to be increased in pAT and iAT of
obese cKO mice compared with controls (Fig. 4E and F).
Therefore, Stat1 ablation in MDCs alters T-cell inflam-
mation, with reduced Th1 and CD81 T cells, but increased
Th2 cells, in AT with obesity. In contrast, obese cKO mice
compared with controls did not show significant changes
in macrophages, DCs, and T cells in spleens (Supplemen-
tary Fig. 2).

Figure 1—HFD in WT mice increases Stat1 levels and phosphorylation in pAT and CD11c1 MDCs and adipocytes from pAT. tStat1 and
pStat1 levels examined byWestern blotting in pAT (A) andMDCs (B) and adipocytes (C) from pAT of male WT C57BL/6J mice fed ND or HFD
for 1 week or 16 weeks. Correlation of mRNA levels of STAT1 and CD11c in visceral AT from obese humans (D). Data are mean6 SD. *P ,
0.05, **P , 0.01.

diabetes.diabetesjournals.org Antony and Associates 723

https://doi.org/10.2337/figshare.13348094
https://doi.org/10.2337/figshare.13348094


Eosinophils Are Expanded in pAT and iAT of cKO Mice
on HFD
Eosinophils are enriched in AT of leanWTmice and decrease
with obesity (32). Gene expression analysis showed that
obese cKOmice compared with controls had upregulation of
the eosinophil marker CD170 in pAT and iAT (Fig. 4G and
H). Flow cytometric analysis confirmed the increases in
eosinophils in pAT and iAT of obese cKO mice versus
controls (Fig. 4G and H). Furthermore, this change was
specific to AT, with no significant differences in blood or
bone marrow eosinophils between cKO mice and controls
(Supplementary Fig. 3A and B).

cKO Mice Fed HFD Have Promoted Browning/Beige
Adipogenesis and Improved Energy Metabolism
cKO mice compared with controls on HFD had smaller
adipocytes in pAT and iAT (Fig. 5A). Notably, browning/

beige adipogenesis markers, such as UCP1, CIDEA, and
Prdm16, were upregulated in iAT of obese cKO mice
compared with controls (Fig. 5B), but the levels in pAT
were undetectably low in both cKO and control mice
(data not shown). Upon treatment with the b3-agonist
(CL316,243), cKO mice on HFD showed significantly
higher UCP1 levels in both pAT and iAT than control
mice (Fig. 5C). Compared with controls, cKO mice fed
HFD showed a significant increase in VO2 (Fig. 5D),
indicating higher energy expenditure; lower respiratory
exchange ratio (Fig. 5E), indicating higher utilization of
fat as energy source; and greater food intake (Fig. 5F)
but no changes in activity (Fig. 5G). HFD-fed cKO mice
compared with control mice had significant reductions
in TG content in the liver and skeletal muscle (Fig. 5H).
These data suggest that the changes in AT inflammation
caused by Stat1 ablation in MDCs may improve AT

Figure 2—cKO mice do not have altered HFD-induced weight gain and fat mass but have reduced liver weight. Stat1 mRNA in pAT and iAT
(A) and Stat1 protein levels in adipocytes, CD11c1MDCs, and CD11c2 SVCs isolated from pAT (B) of male cKOmice and littermate controls
fed HFD (16 weeks). Body weight changes of male cKO mice and littermate controls fed HFD or ND (C). Total fat mass (D) and lean mass (E )
determinedwith a PIXImus small animal densitometer andweight and relative ratio to body weight of the pAT pad (F) and liver (G) of male cKO
mice and littermate controls fed ND or HFD (16 weeks). *P , 0.05. Con, control.
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metabolism, with increased browning/beige adipogene-
sis, leading to enhanced energy expenditure and amelio-
rated ectopic lipid deposition in the liver and skeletal
muscle.

cKO Mice on HFD Have Improved Insulin Sensitivity
Compared with controls, cKO mice on HFD had lower
fasting plasma levels of glucose (Fig. 6A) and exhibited

improved systemic insulin sensitivity and glucose tolerance
as examined by ITT and GTT (Fig. 6B and C). Furthermore,
insulin-stimulated Akt phosphorylation was significantly
increased, indicating improved insulin sensitivity, in pAT,
skeletal muscle, and liver fromHFD-fed cKOmice compared
with controls (Fig. 6D–F). These data suggest that Stat1
ablation in MDCs improves obesity-induced systemic and
tissue-specific insulin resistance.

Figure 3—cKO mice on HFD exhibit an improved macrophage phenotype in pAT and iAT. Male cKO mice and littermate controls were fed
HFD for 16 weeks. Flow cytometric analysis of F4/801 macrophages and DCs in SVCs isolated from pAT (A and C) and iAT (B and D) of cKO
and control mice showing total F4/801 cells, percentages of CD11c1 (M1-like MDC) and CD2061 (M2-like macrophage) cells in F4/801 cells,
ratio of CD11c1 to CD2061 cells (A and B), and intracellular levels of IL-12 and TNF-a in CD11c1 (F4/801) MDCs (C and D). Flow cytometric
analysis of CD11c1CD641macrophages and CD11c1CD642DCs with CD11c1MDCs of SVCs from pAT (E andG) and iAT (F andH) of cKO
and control mice showing proportions of macrophages and DCswithin MDCs (E and F ) and intracellular levels of IL-12 and TNF-a in CD11c1

macrophages and DCs (G and H). RT-qPCR gene expression analysis of pAT (I) and iAT (J) of cKO and control mice showing mRNA levels of
M1- and M2-like markers and cytokines. *P , 0.05, **P , 0.01. Con, control; MFI, mean fluorescence intensity.
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Reducing Eosinophils in Obese cKO Mice Does Not
Affect Insulin Sensitivity
Because of the reported protective role of eosinophils in
obesity (32), we determined whether reducing AT eosino-
phils reverses the metabolic phenotype of cKO mice on
HFD. A pilot study showed that two injections of an anti-
IL-5 antibody in WTmice dramatically reduced eosinophils
in pAT (Supplementary Fig. 4) and iAT (data not shown).
Repetitively injecting the anti-IL-5 antibody for a total of
11 times in cKO mice that had been fed HFD for 12 weeks
consistently induced drastic reductions in eosinophils in
pAT and iAT (Fig. 7A). However, this change was not
associated with significant alterations in systemic insulin
sensitivity and glucose tolerance (Fig. 7B and C), AT

content of macrophages and DCs and T cells, or AT
expression of beiging markers in cKO mice (Fig. 7D–F).

DISCUSSION

Stat1 is a key transcription factor that regulates macro-
phage polarization into classically activated M1-like phe-
notypes (16). Here, we report our novel observations that
Stat1 is upregulated and phosphorylated, indicating acti-
vation, early and persistently in AT and AT CD11c1 MDCs
in mice fed HFD and correlates positively with CD11c
levels in visceral AT of obese humans and that Stat1 KO in
CD11c1 MDCs protects mice from obesity-induced AT
inflammation, insulin resistance, and metabolic dysfunc-
tion. Thus, our current study demonstrates for the first

Figure 4—T-cell–mediated inflammation and eosinophils are altered in pAT and iAT of cKO mice fed HFD. Male cKO mice and littermate
controls were fed HFD for 16 weeks. Flow cytometric analysis of T cells in SVCs isolated from pAT (A and C ) and iAT (B and D) of cKO and
control mice showing CD31 total T cell numbers, percentages of CD81 and CD41 T cells in total T cells (A andB), and intracellular expression
of IFN-g (for Th1), IL-5 (for Th2), and Tregs in CD41 T cells (C and D). RT-qPCR gene expression analysis of pAT (E) and iAT (F ) of cKO and
control mice showingmRNA levels of T-cell markers and cytokines. RT-qPCR and flow cytometry analyses of pAT (G) and iAT (H) of cKO and
control mice showing eosinophils (CD1701) and the related marker (CD170). *P , 0.05, **P , 0.01. Con, control.
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Figure 5—cKOmice fedHFD have enhancedAT browning and improved energymetabolism.Male cKOmice and littermate controls were fed
HFD for 16 weeks. Representative hematoxylin and eosin (H & E) staining of pAT and iAT sections and quantitation of adipocyte size in pAT
and iAT of cKO and control mice (A). mRNA levels of browning/beige adipogenesis markers examined by RT-qPCR in iAT of cKO and control
mice (B). Representative immunohistochemistry staining and quantification of UCP1 expression in pAT and iAT of cKO and control mice
treated with b3-agonist (b3-AG, CL316,243) or vehicle control (C). Comprehensive Lab Animal Monitoring System analysis of cKOmice and
littermate controls showing VO2 (D), respiratory exchange ratio (E), food intake (F ), and activity (G). n5 5mice/group. TG content quantified in
the liver and skeletal muscle of cKO and control mice (H). *P , 0.05, ***P , 0.001. Con, control.
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time that Stat1 in MDCs plays a critical role in obesity-
induced AT inflammation and insulin resistance. Consis-
tently, short-term treatment with a Jak1/Jak2 inhibitor,
which inhibits the Jak/Stat pathway, reduces inflammation
and improves insulin resistance in mice with HFD-induced

obesity (33) and lowers HbA1c in humans with type 2 di-
abetes and diabetic kidney disease (34).

The dominant immune cell types of obese AT are
macrophages and DCs (5–7,12,35,36) in which CD11c1

MDCs, particularly CD11c1 macrophages, are the predominant
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Figure 6—cKO mice on HFD have improved insulin resistance. Male cKO mice and littermate controls were fed HFD for 16 weeks. Blood
glucose levels after fasting for 6 h (A). ITT (B). n 5 6–8 mice/group. GTT (C). n 5 5 mice/group. Insulin-induced Akt phosphorylation
determined by Western immunoblot analysis in pAT (D), skeletal muscle (E), and liver (F ). *P , 0.05, **P , 0.01. Con, control.
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Figure 5—Continued.
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type and exhibit an M1-like phenotype (8–10,12–15,
35–38). Our study reveals a novel transcriptional mecha-
nism for AT CD11c1 MDC, mainly CD11c1 macrophage,
phenotypic change and its consequences on AT inflamma-
tion and metabolic functions in obesity.

HFD feeding in WT mice induced early and persistent
increases of Stat1 expression and phosphorylation in AT
and AT MDCs. Ablation of Stat1 in MDCs resulted in
a reduction in MDC, particularly CD11c1 macrophage, M1-
like polarization in pAT and iAT, supporting a critical role
of Stat1 in obesity-induced AT MDC M1-like polarization
and inflammation. On the basis of the crosstalk among
various immune cell populations in obese AT, we

attributed the changes in other immune cells, particularly
T cells, to the phenotypic changes in MDCs in cKO mice.
In particular, IL-12 is a major type 1 cytokine secreted by
MDCs that augments T-cell activation and IFN-g produc-
tion (39). Therefore, the reduction in IL-12 expression by
MDCs in AT of obese cKO mice may be the major reason
for the decreases in IFN-g–expressing T cells in AT of cKO
mice. Moreover, IL-12 can inhibit Th2 responses (39).
Therefore, the reduction in IL-12–expressing MDCs in AT
of cKO mice may also explain the increase in Th2 cells.
Hence, reduced IL-12 expression by MDCs, particularly
CD11c1macrophages, may underlie the decreased Th1 but
augmented Th2 cells in AT of cKO mice on HFD. In

Figure 7—Reducing eosinophils does not affect insulin sensitivity in HFD-fed cKOmice. Male cKOmice that had been fed HFD for 12 weeks
were injected intraperitoneally with 40 mg of anti-mouse IL-5 antibody (Ab) or isotype control once every 72 h for a total of 11 injections.
Eosinophil content in pAT and iAT analyzed using flow cytometry at 2 days after the 11th injection (A). ITT performed at 2 days after the ninth
injection (B). n5 4 mice/group. GTT performed at 2 days after the 10th injection (C). n5 4mice/group. Macrophages and DCs (D) and T cells
(E ) analyzed using flow cytometry and mRNA levels of UCP1 and Prdm16 examined by RT-qPCR (F ) in AT at 2 days after the 11th injection.
*P , 0.05, ***P , 0.001.
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addition, the increases in IL-5–expressing Th2 may explain
the expansion of eosinophils in AT of cKO mice as sup-
ported by our observation that antibody neutralization of
IL-5 dramatically reduced AT eosinophils in cKO mice on
HFD. In contrast to the changes in AT, immune cells did
not change significantly in the spleen of cKO mice. This
may be because of differences in tissue environment,
which play important roles in immune cell homeostasis.
For example, obesity in WT mice enhances Th1 in pAT but
not in spleen (20,33,40). Obesity reduces Tregs in pAT, but
not in iAT and spleen (41). This may also explain the
difference in some changes between pAT and iAT of cKO
mice (Figs. 3 and 4).

Along with the above inflammatory changes in AT,
obese cKO mice exhibited enhanced white AT browning
and increased energy expenditure. Increased food intake
may compensate to maintain the weight gain of cKO mice
similar to control mice. Nevertheless, compared with
controls, cKOmice had smaller adipocytes in both pAT and
iAT, possibly representing a healthier phenotype of adi-
pocytes. Furthermore, cKO mice had ameliorated ectopic
lipid deposition in the liver and skeletal muscle evidenced
by reduced TG content in these tissues, likely because of
reduced lipid influx from “healthier” AT depots. Various
immune cells may regulate AT browning in different ways.
Although studies of the effects of M2 macrophages and
eosinophils on promoting AT browning have generated
inconsistent results (42–45), M1 macrophages and CD81

T cells have been implicated in repressing AT browning

(46–48). Therefore, reduced type 1 inflammation, possibly
in combination with increased type 2 inflammation, may
underlie the enhanced AT browning in cKO mice.

The improvement of insulin resistance in cKOmice may
stem from several mechanisms (Fig. 8). First, inflammatory
molecules such as type 1 cytokines, including TNF-a and
IFN-g, which are mainly secreted by immune cells in AT
(5,19,20,27), can directly impair insulin signaling, causing
insulin resistance in a variety of cells/tissues such as adi-
pocytes and skeletal muscle myocytes through paracrine
and endocrine effects (49). Therefore, reductions in these
inflammatorymoleculesmay contribute to improved insulin
resistance in cKO mice. In contrast, although eosinophils
have been implicated in a protective role in obesity-linked
insulin resistance (32), our data showing that reducing
eosinophils did not alter insulin sensitivity in cKO mice do
not support a major role of increased AT eosinophils in the
improvement of insulin resistance in cKOmice. In support,
a previous report showed that raising AT eosinophils in
obese WT mice failed to rescue metabolic dysfunctions
(45). In addition, ectopic lipid deposition, in the liver and
skeletal muscle in particular, plays important roles in the
development of tissue and systemic insulin resistance (49).
Accordingly, reductions in lipid deposition in these tissues
may also contribute to the improvement of insulin re-
sistance in cKO mice. As supporting evidence, cKO mice
compared with controls had improved insulin sensitiv-
ity not only in AT but also in skeletal muscle and liver.
Furthermore, in cKO mice, the expansion of beige

Figure 8—Potential mechanisms for alterations in AT inflammation and improvements in insulin sensitivity in mice with STAT1 ablation in
MDCs.
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adipocytes within white AT along with increased expres-
sion of UCP1mediates nonshivering thermogenesis, which
may further mitigate obesity-induced metabolic dysfunc-
tions by increasing energy expenditure, substrate metab-
olism, and glucose homeostasis (50).

A limitation of the current study is that in cKO mice,
STAT1 is deficient not only in AT CD11c1 cells but also in
CD11c1 cells in other tissues. Although we observed changes
in immune cells in AT, but not in spleens (macrophages
and T cells) or bone marrow (eosinophils), of cKO mice, we
cannot exclude potential changes in other tissues such
as the liver, brain, and intestine, which may also affect
systemic metabolism.

Taken together, our results demonstrate that Stat1
ablation in MDCs protects mice from obesity-induced AT
MDC, particularly CD11c1 macrophage, M1-like polariza-
tion and inflammation, leading to improvements in energy
expenditure, insulin resistance, and metabolic functions.
Therefore, our study supports a pivotal role of MDC Stat1
in obesity-linked inflammation and insulin resistance and
indicates that targeting STAT1 could be a potential ther-
apeutic strategy for obesity-induced metabolic dysfunctions.
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