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Myeloid Sirtuin 6 De ciency Causes Insulin Resistance in
High-Fat Diet-Fed Mice by Eliciting Macrophage
Polarization Toward an M1 Phenotype

Youngyi Lee,X Sun-O Ka,! Hye-Na Cha,2 Yu-Na Chae,3 Mi-Kyung Kim,3 So-Young Park,2 Eun Ju Bae,4 and

Byung-Hyun Park?

Diabetes 2017;66:2659-2668 | https://doi.org/10.2337/db16-1446

Obesity-related insulin resistance is closely associated
with macrophage accumulation and subsequent cytokine
release in local tissues. Sirtuin 6 (Sirt6) is known to exert
an anti-in ammatory function, but its role in macrophages
in the context of obesity has not been investigated. We
generated myeloid-speci ¢ Sirt6 knockout (MS6KO) mice
and investigated the metabolic characteristics after high-
fat diet (HFD) feeding for 16 weeks. Compared with
their wild-type littermates, HFD-fed mS6KO mice exhibited
greater increases in body weight, fasting blood glucose
and insulin levels, hepatic steatosis, glucose intolerance,
and insulin resistance. Gene expression, histology, and ow
cytometric analyses demonstrated that liver and adi-
pose tissue in ammation were elevated in HFD-fed mS6KO
mice relative to wild type, with a greater accumulation
of F4/80°CD11b*CD11c” adipose tissue macrophages.
Myeloid Sirt6 deletion facilitated proin ammatory M1 po-
larization of bone marrow macrophages and augmented
the migration potential of macrophages toward adipose-
derived chemoattractants. Mechanistically, Sirt6 deletion
in macrophages promoted the activation of nuclear factor-
kB (NF-kB) and endogenous production of interleukin-6,
which led to STAT3 activation and the positive feedback
circuits for NF-kB stimulation; this cross talk expedited an
M1 polarization. We conclude that Sirt6 in macrophages is
required for the prevention of obesity-associated tissue
in ammation and insulin resistance.

Accumulation of macrophages in adipose tissue is positively
correlated with body weight and causes insulin resistance

in both humans and rodents (1). The increase in
adipose tissue macrophages (ATMs) observed with obe-
sity is also accompanied by macrophage phenotype
shifts. Although alternatively activated M2 macrophages
(F4/80*CD11b*CD11c®) predominate in lean adipose tis-
sue, the balance shifts toward proin ammatory M1 macro-
phages (F4/80°CD11b"CD11c") as obesity develops (2). M1
macrophages secrete a variety of proin ammatory cyto-
kines and chemokines, including tumor necrosis factor
(TNF)-a, interleukin-6 (IL-6), and MCP-1 (3). These cyto-
kines activate in ammatory signaling pathways such as the
inhibitor of kB kinase (IKK) and ¢c-Jun NHo-terminal kinase
(IJNK) pathways, which impair insulin activation of the
phosphoinositide 3-kinase and Akt pathways (4). Similarly,
activation of resident liver macrophages (Kupffer cells) and
recruitment of circulating monocytes into the liver have
been observed in animals fed a high-fat diet (HFD) and is
causally implicated in the onset and progression of hepatic
insulin resistance (5).

Sirtuin 6 (Sirt6), one of the seven mammalian sirtuins,
is a nuclear protein and acts as an ADP-ribosyl transfer-
ase and NAD"-dependent deacetylase (6). Sirt6 deacetylates
histone H3 at lysine 9 (H3K9) and lysine 56 (H3K56),
which results in chromatin condensation and decreased
chromatin accessibility (7,8). Studies have suggested a ben-
e cial role for Sirt6 in in ammation and metabolic stress.
By deacetylating H3K9 on the promoters of nuclear factor-
kB (NF-kB) target genes, Sirt6 alters chromatin structure to
facilitate NF-kB destabilization at chromatin and termina-
tion of NF-kB signaling (9). Knockdown of Sirt6 in human
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umbilical vein endothelial cells increases the expression of
proin ammatory cytokines (10), whereas overexpression of
Sirté in mice is protective against metabolic pathologies
caused by diet-induced obesity (11). In contrast, ablation
of neural Sirt6 causes obesity (12). Additional evidence for
the anti-in ammatory properties of Sirt6 has been provided
in autoimmune disease and allergic airway in ammation
models (13,14).

We and others have reported that myeloid-speci c Sirtl
knockout (KO) mice develop tissue in ammation and insulin
resistance upon exposure to an HFD (15,16). However, no
study to our knowledge has investigated whether Sirt6 has
a similar impact in macrophages or, more importantly, on
how myeloid Sirt6 affects in ammatory and metabolic re-
sponses in mice under acute and chronic metabolic stress.
With the aim of evaluating the in uence of Sirt6 on macro-
phage in Itration and in ammation in local tissues of mice,
we generated myeloid-speci ¢ Sirt6 KO (mS6KO) mice. After
feeding these mice a normal chow diet (NCD) or an HFD,
we characterized tissue in ammation and glucose ho-
meostasis. In addition, we studied the effects of Sirt6 on
macrophage polarization and chemotaxis and their corre-
sponding signaling pathways in isolated bone marrow mac-
rophages (BMMs).

RESEARCH DESIGN AND METHODS

Animal Experiments

Sirt6 ® ™ mice (B6;129-Sirt6™Y9/J) were crossed with
LysM-Cre  (B6.129P2-lyz2"™®fo/3) mice to generate
mS6KO mice (Supplementary Fig. 1A). Male mS6KO mice
and age-matched littermates - 6 weeks of age were fed ad
libitum either an NCD or a 60% HFD (Research Diets, New
Brunswick, NJ) for 16 weeks (Supplementary Table 1). The
intraperitoneal glucose tolerance test (GTT) (1 g/kg of body
weight) and insulin tolerance test (ITT) (0.5 units/kg of
body weight) were performed after 16 and 6 h of fasting,
respectively. A hyperinsulinemic-euglycemic clamp study
(17), indirect calorimetry measurements (18), and stromal
vascular fraction (SVF) isolation and FACS analysis (15)
were performed as previously described. All experimen-
tal procedures were approved by the Institutional Animal
Care and Use Committees of Chonbuk National University
(permit no. CBNU 2015-090) (Jeonbuk, Republic of Korea)
and Yeungnam University (permit no. YUMC-AEC2015-
021) (Daegu, Republic of Korea).

Biochemical Analysis

Plasma levels of various cytokines and enzymes were mea-
sured by using speci ¢ ELISA kits (TNF-a, IL-1b, and IL-6
[Invitrogen, Carlsbad, CA]; insulin [Millipore, Billerica, MAY;
MCP-1 [R&D Systems, Minneapolis, MN]; and aspartate
aminotransferase [AST] and alanine aminotransferase
[ALT] [Asan Pharmaceutical, Seoul, Republic of Korea]). For
triglyceride (TG) quanti cation, liver tissues were homoge-
nized and extracted in a mixture of chloroform, methanol,
and distilled water (2:1:1). Liver TG concentrations were
measured with a speci ¢ TG assay kit (Asan Pharmaceutical)
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and are expressed as milligrams of TG per 100 mg of liver
tissue.

Histology

Fixed tissues were embedded in 10% formalin solution.
Tissue sections (5 mm for liver and 7 mm for adipose tissue)
were stained with hematoxylin-eosin (H-E) for light micros-
copy. Immunohistochemical staining was performed by us-
ing the EnVision system (DAKO, Carpinteria, CA). Sections
were immunostained with antibodies against F4/80, CD11b
(Abcam, Cambridge, U.K.), or perilipin (Fitzgerald, Acton,
MA). Peroxidase activity was detected with 3-amino-9-ethyl
carbazole. To assess morphological changes in liver, we used
the nonalcoholic fatty liver disease (NAFLD) activity score
(NAS), which includes histological features and has been
de ned as the unweighted sum of scores for steatosis (0-3),
lobular in ammation (0-3), and ballooning (0-2) (19). The
adipocyte area in selected fat tissue sections was measured
by using iSolution DT 36 software (Carl Zeiss, Oberkochen,
Germany). The number of crown-like structures (CLSs)
was counted in 10 different high-power elds from each
section.

Cell Culture and In Vitro Migration Assay

BMMs were obtained from bone marrow cells by cultivation
for 6 days in a-minimum essential medium supplemented
with 30% L929 conditioned medium (CM). For M1 or M2
differentiation, BMMs were treated with lipopolysaccharide
(LPS) (10 ng/mL) + interferon-g (IFN-g) (50 units/mL) or
IL-4 (10 ng/mL), respectively. To prepare 3T3-L1 CM for
in vitro migration assay, fully differentiated 3T3-L1 cells
were further cultured in migration media for 2 days, and
the supernatants were harvested. For migration assays,
BMMs from wild-type (WT) or mS6KO mice were pretreated
with either Bay 11-7802 (Enzo Life Sciences, Farmingdale,
NY), Stattic (Santa Cruz Biotechnology, Dallas, TX), or LMT-
28 (a gift from S.S. Hong, Inha University, Incheon, Republic
of Korea) for 3 h. Cell migration was analyzed by using trans-
well migration assay chambers (BD Life Sciences, Franklin
Lakes, NJ) by adding adipocyte CM to the lower chamber.
The DNA binding activity of STAT3 was detected by using a
TransAM STAT3 Kit (Active Motif, Carlsbad, CA).

Western Blotting

Tissues and cells were homogenized in T-PER Tissue Protein
Extraction Reagent or M-PER Mammalian Protein Extrac-
tion Reagent (Thermo Fisher Scienti ¢, Waltham, MA).
Homogenates (20 mg of total protein) were separated by
SDS-PAGE and transferred to nitrocellulose membranes.
Blots were probed with primary antibodies against HSP90
(Enzo Life Sciences), p-Akt, Akt, Sirt6, p-p65, p65, p-IKKa/b,
IKKb, p-JNK, INK, p-extracellular signal-regulated kinase
(ERK), ERK, p-p38, p38, p-STAT3, STAT3, p-inhibitor of
kBa (p-lkBa), pyruvate kinase muscle isozyme M2
(PKM2), acetylated lysine (Cell Signaling, Beverly, MA),
and actin (Sigma-Aldrich, St. Louis, MO). Immunoreactive
bands were detected with an ImageQuant LAS 4000 imager
(GE Healthcare Life Sciences, Pittsburgh, PA).
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RNA lIsolation and Real-time RT-PCR

Total RNA was extracted from frozen liver tissue by using
TRIzol reagent (Invitrogen). First-strand cDNA was gener-
ated with oligo(dT) adaptor primers by reverse transcrip-
tase (TAKARA BIO, Tokyo, Japan). Speci ¢ primers for
each gene (Supplementary Table 2) were designed by using
Primer Express software (Applied Biosystems, Foster City,
CA). RT-PCR was performed by using a One-Step RT-PCR
Kit (Invitrogen). PCR fragments were separated by electro-
phoresis on 2% agarose gels followed by staining with ethi-
dium bromide.

Statistical Analysis
Data represent the mean 6 SD. Statistical comparisons
were by two-way ANOVA followed by Fisher post hoc anal-
ysis. The signi cance of differences between groups was
determined by Student unpaired t test. P , 0.05 was con-
sidered signi cant.

RESULTS

Myeloid Sirt6 Deletion Leads to Glucose Intolerance

in HFD-Fed Mice

To evaluate the functional role of myeloid Sirt6 in the
development of obesity-associated tissue in ammation, we
generated mS6KO mice. The deletion of Sirt6 was con rmed
by RT-PCR by using RNA harvested from mS6KO mouse
BMMs (Supplementary Fig. 1B). mS6KO mice were fertile,
with no apparent developmental defects. Six-week-old
mS6KO mice and WT littermates were fed either an NCD
or a 60% HFD for 16 weeks. Although the total food in-
takes were similar (Supplementary Fig. 2A), the mean body
weight of mS6KO mice fed an HFD was signi cantly higher
than that of WT mice from 4 weeks of HFD feeding
(Supplementary Fig. 2B). To investigate the mechanism of
increased weight gain in mS6KO mice, we analyzed the
metabolic rates by using indirect calorimetry. Under the
HFD condition, mS6KO mice showed lower respiratory quo-
tient (VCO./VO,) and energy expenditure than WT mice
(Supplementary Fig. 2C and D), suggesting that reduction in
resting metabolic rate might account for the obesity seen in
mS6KO mice. Fasting glucose levels (Fig. 1A) as well as basal
and stimulated insulin levels (Fig. 1B) were also higher in
HFD-fed mS6KO mice than in WT mice, and mS6KO mice
exhibited impaired glucose tolerance and insulin sensitivity
compared with WT mice as assessed by GTT and ITT (Fig.
1C and D). Even between WT and mS6KO mice with similar
body weights, mS6KO mice had higher fasting glucose levels
and insulin intolerance (Supplementary Fig. 3).

To evaluate which tissues contribute to the increased
insulin resistance in the HFD-fed mS6KO mice, a hyper-
insulinemic-euglycemic clamp study was performed. During
the clamp, glucose was maintained at ; 6 mmol/L in both
groups. The glucose infusion rate (GIR) was decreased by
65% in mS6KO mice compared with WT mice (Fig. 2A).
Consistent with this nding, whole-body glucose turnover
was decreased by 36% (Fig. 2B), con rming the develop-
ment of insulin resistance with the HFD. Hepatic glucose
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Figure 1—Metabolic characteristics of HFD-fed mS6KO mice. WT or
mS6KO mice were fed either an NCD or an HFD for 16 weeks. A:
Fasting plasma glucose levels. B: Basal and stimulated insulin levels.
C: Intraperitoneal GTT plasma glucose concentrations. D: ITT plasma
glucose concentrations. Areas under the curve (AUCs) were com-
pared. Data are mean 6 SD (n = 8). #P < 0.05, ##P < 0.01 vs.
NCD-fed WT mice; *P < 0.05, *P < 0.01 vs. HFD-fed WT mice.

production (HGP) in the presence of insulin was signi -
cantly increased in mS6KO mice (Fig. 2C), and skeletal glu-
cose uptake was reduced by 63% in mS6KO mice compared
with WT mice (Fig. 2D). Increased insulin resistance in
mMS6KO mice was also con rmed by the nding that the
levels of insulin-stimulated Akt Ser473 phosphorylation in
liver, epididymal white adipose tissue (eWAT), and skeletal
muscle were signi cantly lower in HFD-fed mS6KO mice
than in WT mice, although these were similar between
genotypes under NCD conditions (Fig. 2E). These results
indicate that myeloid Sirt6 deletion causes systemic insulin
resistance in HFD-fed mice, affecting insulin sensitivity in
liver, eWAT, and skeletal muscle.

Myeloid Sirt6 Deletion Increases In ammation in Liver
and Adipose Tissue

The wet tissue weights, TG levels, and cholesterol content
in the liver were signi cantly increased in HFD-fed mS6KO
mice compared with HFD-fed WT mice, whereas little
difference was observed between the genotypes under
NCD conditions (Fig. 3A-C). Histological examination of
liver sections showed increased lipid accumulation in
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Figure 2—Worsening of insulin resistance in HFD-fed mS6KO mice. A-D: After 16 weeks on an HFD, the GIR, whole-body glucose turnover,
HGP, and glucose uptake levels in the soleus muscle were determined during the hyperinsulinemic-euglycemic clamp test (n = 4). E: After
16 weeks on either an NCD or an HFD, liver-, adipose tissue—, and skeletal muscle-speci c insulin sensitivity was measured by assessing the
level of insulin-stimulated Akt phosphorylation. The intensities of the p-Akt and Akt immunoreactive bands were quanti ed (n = 3). Data are
mean 6 SD. #P < 0.05 vs. NCD-fed WT mice; *P < 0.05, *P < 0.01 vs. HFD-fed WT mice. AU, arbitrary unit.

HFD-fed mS6KO mice compared with HFD-fed WT
mice (Fig. 3D). We next examined the in ammatory status,
a key component in the pathogenesis of insulin resistance,
in liver and adipose tissue. To assess macrophage in Itra-
tion into the liver, we immunostained liver sections with
antibodies against F4/80. Compared with WT mice, HFD-
fed mS6KO mice exhibited an increased number of F4/80"
cells and liver damage as assessed by NAS (Fig. 3D and E).
Real-time RT-PCR also con rmed the increased accumula-
tion of proin ammatory macrophages in mS6KO mice com-
pared with WT mice under HFD conditions, with increased
expression of M1 macrophage genes (F4/80, Cdlic, Cd11b,
Ccl2, Cer2, Tnfa, 116, Il1b, and Icaml), whereas M2 macro-
phage genes (Argl and 1110) were reduced (Supplementary
Fig. 4A). ELISA also revealed an increase of plasma cytokine
levels in mS6KO compared with WT mice (Supplementary
Fig. 4B). The extent of liver tissue damage in mS6KO mice,
as assessed by increased plasma AST and ALT levels, corre-
lated well with the degree of in ammation (Fig. 3F).

The tissue mass (data not shown) and the adipocyte size
in eWAT signi cantly increased with HFD feeding, but no
differences were observed between genotypes (Fig. 4A and
B). ATMs often surround and ingest dying or dead adipo-
cytes to form CLSs (20). We found that the number of CLSs

per eld in eWAT was signi cantly higher in mS6KO mice
than in WT mice (Fig. 4C). FACS analysis of macrophage
subpopulations in eWAT SVFs revealed that HFD-fed
mS6KO mice exhibited a higher percentage of M1-like
F4/80"CD11b*CD11c" cells than HFD-fed WT mice (Fig.
4D). In addition, the frequencies of CD8a" T cells were
higher in HFD-fed mS6KO fat tissue (Fig. 4D).

Myeloid Sirt6é Deletion Enhances M1 Macrophage
Features
In response to metabolic stress, ATMs polarize to proin-
ammatory M1-like cells (2). We rst compared the levels
of Sirt6 expression in eWAT of NCD- or HFD-fed mice and
in M1/M2-polarized macrophages. Sirt6 expression was
downregulated in eWAT of HFD-fed mice and in M1 mac-
rophages but increased in M2 macrophages (Fig. 5A), sup-
porting the in vivo anti-in ammatory effects of Sirt6.
Because we identi ed that mS6KO fat tissue had the ele-
vated level of M1 macrophages, we next studied the char-
acteristics of M1-like macrophages in BMMs obtained from
WT and mS6KO mice. The mRNA levels of M1 marker
genes (e.g., Ccl2, Tnfa, Nos2, 111b, and 116) were markedly
increased in M1 macrophages from mS6KO mice com-
pared with those from WT mice (Fig. 5B). Accordingly,
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Figure 3—Effects of myeloid Sirt6 deletion on hepatic steatosis and macrophage in ltration. A-C: Liver tissues were retrieved after 16 weeks on
either an NCD or an HFD, and their wet weights, TG levels, and cholesterol content were determined (n = 4-8). D: Liver sections were stained
with H-E or immunostained with antibodies against F4/80 or CD11b. Scale bars = 250 mm. E: The numbers of F4/80* macrophages were
counted and expressed as percentage of hepatocyte numbers. In ammation index expressed as NAS was determined (n = 5). F: Plasma levels
of AST and ALT were measured (n = 5). Data are mean 6 SD. #P < 0.05, ##P < 0.01 vs. NCD-fed WT mice; *P < 0.05, *P < 0.01 vs. HFD-fed

WT mice. IU, international unit.

the secretion of proin ammatory cytokines into the culture
medium was markedly increased in LPS-treated BMMs
from mS6KO mice compared with that from WT mice
(Fig. 5C).

Activation of the NF-kB-IL-6-STAT3 Axis Is Involved in
M1 Polarization

Activation of NF-kB and mitogen-activated protein kinases
(MAPKSs) has been implicated in the M1 phenotypic switch
(21,22); therefore, we investigated the involvement of these
signaling pathways in LPS-stimulated M1 polarization
conditions. NF-kB activity, as assessed by p65 and IKKa/b
phosphorylation, was increased in BMMs from mS6KO
mice compared with those from WT mice (Fig. 5D). In
addition, enhanced activation of p38 MAPK, but not JNK
and ERK, was observed in BMMs from mS6KO mice, and
we observed that LPS treatment induced increases in
STAT3 phosphorylation (Fig. 5D) and STAT3 DNA binding
activity (Fig. 5E) and that these changes were greater in
mS6KO mice. A similar activation of NF-kB and STAT3
signaling was observed in the SVF of fat tissues of
mS6KO mice (Fig. 5F and G). Together, these results
suggest that NF-kB, p38 MAPK, and STAT3 signaling

pathways mediate the M1 polarization shift of Sirt6-deleted
macrophages.

Because LPS can activate NF-kB and thereby induce the
production of IL-6, a major cytokine with a potentially im-
portant role in the induction of M1 marker expression
through STAT3 activation (23,24), we hypothesized that
endogenously produced IL-6 plays a role in STAT3 activa-
tion and the M1 polarization shift in mS6KO macrophages.
To provide direct evidence for this idea, we blocked NF-kB
signaling in LPS-stimulated BMMs by introducing a super-
repressor (SR) form of 1kBa that cannot be phosphory-
lated by IKKb and, hence, functions as a stable inhibitor
of NF-kB transcription factors (25). In mS6KO BMMs, IL-6
production, induction of an M1 marker gene (Nos2), and
STAT3 phosphorylation were all inhibited by the SR to a
similar level as those in WT cells (Fig. 6A-C), indicating that
the increased NF-kB signaling played the role for M1 po-
larization in mS6KO mice. The role of STAT3 signaling in
the enhancement of M1 polarization in mS6KO was also
tested. When BMMs were pretreated with Stattic, a small-
molecule inhibitor of STAT3, LPS-stimulated phosphoryla-
tions of not only STAT3 but also IKKa/b and p65 were
reduced, implying the presence of cross talk between STAT3
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and NF-kB signaling pathways (Fig. 6D). Importantly, Stat-
tic completely suppressed M1 marker gene expression, lead-
ing to no difference between genotypes (Fig. 6E). To test
whether endogenously produced IL-6 is required for STAT3
activation in response to LPS treatment, we used LMT-28, a
synthetic IL-6 receptor antagonist (26), and recombinant
gp130 Fc chimera, an inhibitor of the IL-6 trans-signaling
pathway (27). When BMMs were pretreated with these IL-6
signaling inhibitors before the LPS stimuli, STAT3 phos-
phorylation was markedly suppressed (Supplementary Fig.
5A and C). Indeed, LMT-28 suppressed the expression of
M1 markers (Supplementary Fig. 5B), con rming the role of
autocrine IL-6/STAT3 signaling. Taken together, these re-
sults support the idea that the M1 macrophage polarization
shift by Sirt6é de ciency is mediated by activation of the
NF-kB and the autocrine IL-6/STAT3 cascade.

Next, to further analyze the functional effects of Sirt6
deletion in macrophages, we performed transwell migration
assays with BMMs. BMMs isolated from WT or mS6KO
mice were layered onto a transwell insert, and migration
was assessed with adipocyte CM present in the lower well.
BMMs from mS6KO mice migrated faster than those from
WT mice (Supplementary Fig. 6A and B). Whether the in-
creased ability of chemotaxis of mS6KO BMMs is due to
NF-kB and STAT3 activation also was tested. Pretreatment
with Bay11-7802 (an NF-kB-speci c¢ inhibitor), Stattic, or
LMT-28 markedly decreased BMM migration both in WT

and KO cells, leaving KO cells with still-higher levels of
migration relative to WT. These results suggest that Sirt6-
deleted macrophages have the increased potential of migra-
tion through NF-kB and STAT3 activation in combination
with a yet-unidenti ed mechanism.

Knowing that acetylated PKM2 phosphorylates STAT3
in the nucleus (28) and that PKM2 is deacetylated by Sirt6
(29), we hypothesized that Sirt6 would attenuate M1 po-
larization by deacetylating PKM2. To address this question,
we overexpressed Sirt6 in intraperitoneal macrophages
through adenovirus transduction and treated cells with
LPS. LPS increased acetylation of PKM2 in macrophages,
whereas Sirt6 overexpression lowered it to the basal level,
possibly through direct interaction (Supplementary Fig. 7A).
Pretreatment with shikonin, a PKM2 inhibitor, suppressed
LPS-stimulated STAT3 phosphorylation (Supplemen-
tary Fig. 7B). These results suggest that Sirt6 deacetylates
PKM2, preventing STAT3 from phosphorylation and thus
leading to suppression of M1 polarization.

Finally, we reexpressed Sirt6 in KO BMMs to validate
the requirement of Sirt6 for the suppression of M1 marker
genes. Compared with AdLacZ-transduced BMMs, KO BMMs
transduced with AdSirt6 exhibited decreased LPS-stimulated
activation of the NF-kB and STAT3 signaling pathways and
decreased expression of M1 marker genes (Supplementary
Fig. 8A and B), con rming that Sirt6 uses the NF-kB and
STAT3 pathways to alter M1 marker expression.
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Figure 5—Regulation of macrophage polarization by Sirt6. BMMs were treated with either 10 ng/mL LPS and 50 units/mL IFN-g (for M1
polarization) or 10 ng/mL IL-4 (for M2 polarization) for 24 h unless otherwise indicated. A: Sirt6 protein and mRNA levels in e WAT of NCD- or
HFD-fed mice and in M1/M2-polarized macrophages were analyzed by Western blotting and real-time RT-PCR, respectively (n = 3). B: After M1
polarization, the expression patterns of M1 markers were compared by RT-PCR. C: BMMs from WT or mS6KO mice were treated with 10 ng/mL
LPS for 2 h, after which the levels of secreted TNF-a, IL-6, and IFN-b, in addition to nitric oxide production, were determined (n = 4-6). D:
Immunoblot analysis of whole-cell extracts from BMMs treated with 10 ng/mL LPS for the indicated periods. E: After treatment with 10 ng/mL
LPS for 2 h, STAT3 DNA binding was analyzed (n = 3). F and G: Western blotting and real-time RT-PCR analyses of SVF from eWAT of HFD-fed
mice (n = 6). Data are mean 6 SD. #P < 0.05, ##P < 0.01 vs. nonstimulated; *P < 0.05, *P < 0.01 vs. WT. AU, arbitrary unit; VEH, vehicle.

DISCUSSION

We examined the effect of myeloid Sirt6 deletion on HFD-
induced tissue in ammation and related metabolic distur-
bances in mice. We found that mS6KO mice are more
susceptible to the development of diet-induced in ammation
and insulin resistance than their corresponding WT litter-
mates. In addition, mS6KO mice displayed an exacerbation
of hepatic steatosis. Aggravation of insulin resistance in
HFD-fed mS6KO mice was demonstrated by increased levels
of fasting blood glucose and basal and stimulated circulat-
ing insulin, impaired GTT and ITT, and hyperinsulinemic-
euglycemic clamp study results. The clamp study and
Western blot analysis of Akt phosphorylation both indicated
that all three major target tissues of insulin (liver, adipose
tissue, and skeletal muscle) primarily contributed to the
development of insulin resistance in HFD-fed mS6KO mice.

Monocyte/macrophage in Itration in adipose tissue and
the polarization shift toward M1-like cells are main drivers

of insulin resistance in the context of obesity (4), but the role
of Sirt6 for macrophage migration and polarization in obe-
sity settings remains elusive. In this study, we questioned
whether myeloid Sirt6 deletion affects ATM accumulation
and M1 polarization. Histological examination revealed that
more than twofold higher levels of F4/80" macrophages
forming CLSs accumulated in adipose tissue of HFD-fed
mS6KO mice. In addition, FACS analysis of SVF obtained
from HFD-fed mice showed that the subpopulation of
M1-like macrophages (i.e., F4/80°CD11b"CD11c" cells),
which are proin ammatory and have deleterious effects
on insulin sensitivity (30), was increased in mS6KO mice.
Maintenance of the balance between M1 and M2
macrophages is essential for glucose homeostasis because
the dominance of the M1 phenotype leads to the develop-
ment of insulin resistance. Our conclusion that Sirt6 de-
ciency promotes macrophage phenotypic switch to a more
proin ammatory M1 subtype was further substantiated by
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Figure 6—Regulation of the NF-kB/STAT3 signaling pathways by Sirt6.

A-C: BMMs from WT or mS6KO mice were transduced with AdIkBaSR

(AdSR) or AdLacZ and then treated with LPS (10 ng/mL) or LPS (10 ng/mL) + IFN-g (50 units/mL) for 2 h. IL-6 production, Nos2 expression, and
NF-kB and STAT3 signaling pathways were analyzed. Data are mean 6 SD (n = 3-4). #P < 0.05 vs. vehicle (VEH); $P < 0.05 vs. WT LPS + IFN-g;
*P < 0.05 vs. AdLacZ. D and E: BMMs from WT or mS6KO mice were treated with 10 ng/mL LPS for 2 h in the presence or absence of 5 mmol/L

Stattic, a STAT3 inhibitor. The phosphorylations of STAT3 and IKK/p65

and M1 marker expression were analyzed by Western blotting and real-

time RT-PCR, respectively (n = 3). #P < 0.05, ##P < 0.01 vs. WT VEH + LPS; *P < 0.05, *P < 0.01 vs. VEH + LPS. F: Schematic for the working
model of myeloid Sirté control of macrophage (MF) polarization and migration for the regulation of insulin resistance.

the following ndings. First, Sirt6 expression was lower in
M1 macrophages and higher in M2 macrophages, which is
consistent with a previous report that Sirt6 expression is
reduced in peripheral blood mononuclear cells isolated from
humans with the metabolic syndrome (31). Second, the
MRNA levels of M1 marker genes and the secretion of
proin ammatory cytokines were higher in M1 macrophages
from mS6KO mice than in WT mice, whereas those of M2
marker genes were lower in M2 macrophages from mS6KO
mice (data not shown).

To explore the underlying mechanism of this Sirt6
de ciency—-mediated M1 polarization shift, we analyzed
LPS-stimulated M1 polarization signaling pathways by us-
ing BMMs obtained from WT and mS6KO mice. After stim-
ulation with LPS, the phosphorylations of IKK/NF-kB, p38
MAPK, and STAT3 were enhanced in Sirt6-deleted macro-
phages compared with WT cells. Previous studies have
shown that the NF-kB-IL-6-STAT3 loop plays a patholog-
ical role in the occurrence of chronic in ammation (32-34).
We thus tested the association between the NF-kB and
STAT3 pathways during M1 polarization in Sirt6-de cient
macrophages. The following pieces of evidence support the
hypothesis that the cross talk between these two pathways

is involved in Sirt6 regulation of M1 polarization. First, in
LPS-stimulated BMMs, STAT3 activation occurs later than
NF-kB activation as revealed in the time course analysis of
NF-kB and STAT3 phosphorylation. Second, the IL-6 level
was higher in the supernatants of mS6KO BMMs relative to
WT, and abrogation of IL-6 trans-signaling with a small-
molecule STAT3 inhibitor or IL-6 receptor antagonist down-
regulated M1 marker genes in KO cells with dampening of
the increase in STAT3 phosphorylation. These results sug-
gest that IL-6 bridges the NF-kB and STAT3 pathways dur-
ing M1 macrophage polarization. Third, BMMs transduced
with IkBa SR exhibited decreased IL-6 production, STAT3
phosphorylation, and M1 marker expression. Overall, Sirt6
deletion likely led to the augmentation of NF-kB signaling
by which IL-6 production was elevated in KO cells, and the
subsequently elevated autocrine IL-6 signaling could trigger
STAT3 phosphorylation to amplify the progression toward
M1 polarization.

By using a transwell migration assay, we observed that
mS6KO macrophages exhibited increased migration com-
pared with WT macrophages in response to adipocyte-
derived chemoattractants. These results suggest that
myeloid Sirt6 regulates at least two stages of adipose
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in ammation: 1) macrophage in Itration (from circulatory
monocytes to tissue macrophages) and 2) macrophage sub-
type transformation (from monocytes to M1 or M2 sub-
type). These in vitro results correlated well with the in vivo
data that showed marked increases in the number of the
in Itrated F4/80" cells and the M1-like macrophage sub-
population in eWAT of HFD-fed mS6KO mice.

We also observed that myeloid Sirt6 deletion promoted
accumulation or activation of F4/80" or CD11b" macro-
phages in the livers of HFD-fed mice. Consistently, gene
expression analysis showed that the expression levels of
numerous in ammatory genes were signi cantly elevated
in the livers of HFD-fed mS6KO mice. Moreover, HFD-
fed mS6KO mice showed increased hepatic steatosis
compared with WT mice. These results suggest that the se-
cretion of in ammatory cytokines from liver macrophages
may impair insulin sensitivity of liver and affect hepatic lipid
metabolism. For example, TNF-a can stimulate hepatic stea-
tosis by promoting hepatocyte lipogenesis, ceramide pro-
duction, and adipocyte lipolysis (35,36). This hypothesis is
also supported by the nding that clodronate depletion
of hepatic phagocytic cells/macrophages can markedly ame-
liorate hepatic steatosis and insulin resistance (37,38). In
addition to TG accumulation and in ammation, hepatotox-
icity and brosis are important features in the progression
of NAFLD (39). We provide evidence that hepatotoxicity is
greatly increased in HFD-fed mS6KO mice compared with
WT mice, as indicated by the signi cantly higher blood
levels of AST and ALT. Thus, mice de cient in myeloid
Sirt6 are considerably prone to diet-induced NAFLD. The
current nding that myeloid Sirt6 protects against diet-
induced in ammation, insulin resistance, and liver stea-
tosis highlights the signi cance of Sirt6 in macrophages
as a therapeutic candidate for the metabolic syndrome,
con rming the previous report that Sirt6 de ciency in
immune cells is the cause of liver in ammation and pro-
gression to brosis in Sirt6 global KO mice (40).

In summary, the ndings demonstrate that myeloid Sirt6
can affect the phenotypic switch and migration response of
macrophages by modulating NF-kB and STAT3 pathways
through autocrine IL-6 signaling (Fig. 6F). Given that
M1 macrophage in Itration plays a critical role in systemic
insulin resistance, regulation of myeloid Sirt6 might be a
potential therapeutic strategy for the treatment of obesity-
related metabolic diseases.
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