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Macrophage activation and infiltration into resident tissues is known to mediate local inflammation and is
a hallmark feature of metabolic syndrome. Members of the sirtuin family of proteins regulate numerous
physiological processes, including those involved in nutrient regulation and the promotion of longevity.
However, the important role that SIRT1, the leading sirtuin family member, plays in immune response remains
unclear. In this study, we demonstrate that SIRT1 modulates the acetylation status of the RelA/p65 subunit of
NF-kB and thus plays a pivotal role in regulating the inflammatory, immune, and apoptotic responses in
mammals. Using a myeloid cell-specific SIRT1 knockout (Mac-SIRT1 KO) mouse model, we show that ablation
of SIRT1 in macrophages renders NF-kB hyperacetylated, resulting in increased transcriptional activation of
proinflammatory target genes. Consistent with increased proinflammatory gene expression, Mac-SIRT1 KO
mice challenged with a high-fat diet display high levels of activated macrophages in liver and adipose tissue,
predisposing the animals to development of systemic insulin resistance and metabolic derangement. In
summary, we report that SIRT1, in macrophages, functions to inhibit NF-kB-mediated transcription, implying
that myeloid cell-specific modulation of this sirtuin may be beneficial in the treatment of inflammation and its

associated diseases.

Chronic inflammation is increasingly recognized as a causal
factor leading to the development of obesity, insulin resistance,
and type 2 diabetes (15, 31). This low-grade inflammatory state
is in part mediated by macrophages, key sentinels of the innate
immune system. Macrophages quiescently monitor the tissue
milieu for signs of infection or damage (13, 25). Upon stimu-
lation, macrophages infiltrate resident tissue, perpetuating lo-
cal inflammation and contributing to the development of in-
sulin resistance and metabolic derangements (17, 37, 43). The
nuclear factor kappa B (NF-«kB) transcription factor signaling
pathway is a key mediator of immune response in macrophages
(5, 7). NF-kB is composed of a heterodimer of p50 and RelA/
p65 subunits. In unstimulated cells, NF-«kB resides in the cy-
toplasm bound to its inhibitory proteins, which are members of
the inhibitor of kB (IkB) family. Stimulation of cells by envi-
ronmental factors, including dietary fatty acids, liberates NF-
kB, allowing it to translocate to the nucleus, where it mediates
gene transcription (12). Under environmental stresses, such as
those surrounding obesity-like conditions, this chain of events
is believed to ultimately lead to insulin resistance, setting in
motion the vicious cycle of the metabolic syndrome.

Sirtuins are highly conserved NAD*-dependent deacety-
lases that target histones, transcription factors, coregulators,
and other key regulators to adapt gene expression and metab-
olism to the cellular energy state (16, 22, 32). SIRTI, the
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leading family member, has been reported to promote longev-
ity in species ranging from yeast to flies (1-3, 6). It is believed
that these life-extending actions of SIRT1 result from its ability
to regulate stress management and energy homeostasis. SIRT1
belongs to the class III family of histone deacetylases
(HDACsS), which use NAD™ as a cosubstrate for the deacety-
lation of proteins (11). Previous reports have demonstrated
that artificial overexpression of SIRT1 leads to suppression of
the inflammatory response, whereas deletion of the protein in
hepatocytes results in increased local inflammation (26, 27). It
appears that in immune signaling, SIRT1’s inhibitory actions
work through at least two mechanistically distinct pathways.
On one hand, sirtuins may diminish histone acetylation by
inactivating histone acetyltransferase (HAT) enzymatic activ-
ity. In support of this notion, SIRT1 directly interacts with
p300, the CREB-binding protein (CBP), and other HATS to
inhibit the acetylation status of these enzymes (9, 23). Alter-
natively, SIRT1 has recently been reported to deacetylate the
RelA/p65 subunit of NF-kB at lysine 310 in vitro using over-
expression systems (41). Deacetylation of K310 of RelA/p65
leads to decreases in NF-kB transcription activity, reducing
production of proinflammatory cytokines and antiapoptotic
genes (41). In addition, it has been shown that moderate over-
expression of SIRT1 in mice leads to downregulated NF-«B
activity (26). However, despite mounting evidence pointing
toward the anti-inflammatory potential of SIRTI, it is still
unclear how this leading sirtuin family member functions in
immune cells or systemically.

In order to directly investigate the role of SIRT1 in immune
signaling, we generated a myeloid cell-specific SIRT1 knockout
(KO) mouse (Mac-SIRT1 KO). Here, we provide both in vitro
and in vivo evidence that SIRT1 deacetylates the nuclear RelA/
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p65 subunit of NF-kB and attenuates NF-kB-mediated gene
transcription. Genetic deletion of SIRT1 in myeloid cells not
only leads to hyperactive NF-«B signaling, but also predisposes
mice to the development of insulin resistance and metabolic
disorders. Together, our findings demonstrate that myeloid
SIRT1 directly regulates the immune response and suggest
that activators of SIRT1 may play an important therapeutic
role in the treatment of chronic inflammatory diseases.

MATERIALS AND METHODS

Animal experiments. The SIRT1 allele with floxed exon 4 (8a) was back-
crossed 6 times into the C57BL/6 background and then bred with mice expressing
Cre recombinase driven by the lysozyme promoter (Jackson Laboratory) to
generate myeloid cell-specific SIRT1 knockout (Mac-SIRT1 KO) mice on a
>98% C57BL/6 background. Mac-SIRT1 KO mice and their age-matched lit-
termate Lox controls (lysozyme-Cre */* SIRT19¥foX) glder than 6 weeks of age
were fed ad libitum either a standard laboratory chow diet or a high-fat Western
diet (HFD) (D12079B; Research Diets) for 14 weeks. Oral glucose tolerance
tests (1 g/kg of body weight) were performed after a 14-h fast. For insulin
tolerance tests, mice were challenged with an intraperitoneal (i.p.) injection of
human insulin (0.65 U/kg) after a 4-h fast. For biochemical analysis of insulin
signaling, livers and quadriceps from Mac-SIRT1 KO and control mice were
isolated and snap-frozen in liquid nitrogen. Tissue homogenates were immuno-
blotted for total Akt and phospho-Akt (Ser473) (Cell Signaling). Serum levels of
lipids (total cholesterol and triglycerides), cytokines (tumor necrosis factor alpha
[TNF-a], interleukin 6 [IL-6], and IL-1B), adipokines (leptin), and insulin in
fasted mice were quantified using commercially available kits. For liver triglyc-
eride quantification, samples were finely minced and extracted overnight in
chloroform and methanol (2/1 ratio) at 4°C. All animal experiments were con-
ducted in accordance with the guidelines of the NIEHS, NIH, Animal Care and
Use Committee.

Cell culture. For bone marrow-derived macrophages (BMDMs), control and
Mac-SIRT1 KO bone marrow was isolated from femurs and tibias and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum and 20% 1929 conditioned medium. To assess cytokine production,
cells were pretreated with TNF-a (10 ng/ml) for the time indicated in the figure
legends. Secreted cytokines were quantified by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s protocols (eBioscience, San
Diego, CA).

Transfections and luciferase assay. For transactivation experiments, BMDMs
were harvested after day 5 of culture in L.929-conditioned medium and then
resuspended in Amaxa electroporation buffer (Mouse Macrophage Nucleofector
Kit; Amaxa) to a concentration of 2 X 10° cells per transfection. The cells were
transfected with the indicated firefly luciferase reporter and control pRL-TK
(Renilla luciferase; Promega). For NF-«kB knockdown, a total of 24 .l of a 5-nmol
solution of anti-NF-kB small interfering RNA (siRNA) (Santa Cruz) or Scram-
ble siRNA (Santa Cruz) was mixed with 0.1 ml of cell suspension, transferred to
a 2.0-mm electroporation cuvette, and nucleofected with an Amaxa Nucleofector
apparatus. After electroporation, the cells were transferred to conditioned me-
dium and cultured in 6-well plates at 37°C. Forty-eight hours postelectropora-
tion, TNF-a (10 ng/ml) was added to the cells, which were lysed 6 h later. The
final firefly luciferase activity was normalized to the coexpressed Renilla lucifer-
ase activity.

Western blot analysis and ChIP analysis. Tissue homogenates were prepared
with NP-40 buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.5% NP-40)
containing Complete protease and phosphatase inhibitors (Roche) and then
immunoblotted using antibodies against phosphorylated JNK (P-JNK), JNK,
P-p38, p38, P-ERK, ERK, P-Akt, and AKT (Cell Signaling Technology Inc.).
Chromatin immunoprecipitation (ChIP) analysis was performed as described by
Upstate Biotechnology with antibodies against NF-kB, SIRT6, acetyl (Ac)-
H3K9, H3 (Santa Cruz Biotech and Chemicon, Affinity BioReagents, and BD
Biosciences) or normal rabbit IgG. DNA fragments were subjected to quantita-
tive real-time PCR (qPCR) using primers flanking NF-kB response elements on
various targets.

In vivo exposure to LPS. Mice were placed in a Plexiglas chamber and exposed
to an aerosolized solution containing Escherichia coli O111:B4 lipopolysaccha-
ride (LPS) (300 wg/ml) in saline (0.9% sodium chloride) for 30 min as previously
described (33). At 2 h postexposure, the animals were euthanized with a one-
time intraperitoneal injection of Fatal-Plus solution (6.25 mg). Bronchoalveolar
lavage (BAL) was performed immediately following euthanasia, and total white
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blood cells (WBCs) were enumerated and analyzed as described previously (24).
TNF-a, IL-1B, and IL-6 levels were measured using relevant ELISA Kits pur-
chased from eBioscience (San Diego, CA). For systemic LPS injection experi-
ments, mice were given a single dose of LPS (1 mg/kg). Forty minutes after an
intraperitoneal injection of LPS, mice (n = 9 for each genotype) were anesthe-
tized with sodium pentobarbital and then transcardially perfused with ice-cold
PBS. The livers were quickly removed and frozen on dry ice. The frozen livers
were homogenized in 100 mg tissue/ml cold lysis buffer (20 mM Tris, 0.25 M
sucrose, 2 mM EDTA, 10 mM EGTA, 1% Triton X-100, and protease inhibitor
cocktail tablets). Samples were centrifuged at 100,000 X g for 1 h. The super-
natant was collected for protein assay using the bicinchoninic acid (BCA) protein
assay reagent kit (Pierce, Milwaukee, WI). The levels of TNF-a and IL-1B in
livers and sera were measured with commercial ELISA kits from R&D Systems
(Minneapolis, MN) as described previously (28).

RNA analysis. Total RNA was isolated from cells or tissues using Trizol
(Invitrogen) and a Qiagen RNeasy minikit (Qiagen). For qPCR, cDNA was
synthesized with the ABI reverse transcriptase kit and analyzed using SYBR
green Supermix (Applied Biosystems). All data were normalized to lamin A
expression.

Statistical analysis. Values are expressed as means * standard errors of the
mean (SEM). Significant differences between means were analyzed by a two-
tailed, unpaired Student’s ¢ test, and differences were considered significant at a
P value of <0.05.

RESULTS

Loss of SIRT1 leads to hyperacetylation of NF-kB. To better
understand the role of SIRTI in immune cell biology, we
generated a myeloid cell-specific SIRT1 KO mouse (Mac-
SIRT1 KO). Mice expressing a conditional SIRT1 floxed allele
were bred into a C57/BL6 background and then crossed with
mice expressing Cre recombinase under a myeloid cell-specific
promoter. The cross yielded a highly efficient excision of
SIRT1 in BMDMs while retaining normal systemic SIRT1
expression levels (Fig. 1A). BMDMs from Mac-SIRT1 KO
mice displayed the appearance of a nonfunctional truncated
protein, resulting from the excision of 51 amino acids of the
SIRT1 catalytic domain.

HDACs regulate the transcriptional activity of NF-«xB
through direct modification of its RelA/p65 subunit. Previous
studies have demonstrated that HDACs deacetylate the RelA/
p65 subunit of NF-«B at three distinct lysine residues, namely,
K218, K221, and K310 (7, 19, 41). Deacetylation of these sites
leads to enhanced transcriptional activation of NF-«kB. In or-
der to identify SIRT1’s role in the activation of NF-«kB, we
conducted transcriptional activation assays using reporter con-
structs specific for all three putative activation sites and a triple
(K218, K221, and K310) reporter construct. In line with results
reported by Yeung et al. (41), we determined that the K310
motif is the major NF-kB-mediated transcriptional target of
SIRT1 (data not shown). Furthermore, the K310 motif is the
most studied acetylation site of p65 and has the benefit of
commercially available antibodies. The acetylation of K310 is
also required for NF-kB’s full transcriptional potential and is
important for modulating NF-kB-dependent inflammatory re-
sponses (8). Therefore, we concluded that K310 was the most
relevant residue for the study of SIRT1-mediated regulation of
NF-«B.

To determine whether loss of SIRT1 activity in macrophages
alters the acetylation status of NF-kB, BMDMs from control
and Mac-SIRT1 KO mice were stimulated with TNF-a and
analyzed by Western blotting using anti-Ac-K310 specific an-
tibodies. BMDM:s from both control and Mac-SIRT1 KO mice
displayed very low basal levels of Ac-RelA/p65 (Fig. 1B).



4714 SCHUG ET AL.

A BMDM Macrophage C
WT Mac-SIRT1 KO
sirt1 p T R D ey e e VT
Actin — — — ————
B WT Mac-SIRT1 KO TNF%

AcNFxB W L TS

Total NF-xB wme sse swe ave sl GHD 4

MoL. CELL. BIOL.

TNFa
TNFa - + + + - + + + +TSA
DMSO - - + - - - # -
TSA - - - 4 - - - Mac-SIRT1 KO
D NF-<B ChIP . E
. 2 25- .
> - - c
g7 5
g 61 3- 5 20-
3 mwT o B wWT
8 5 I WTTNFo s @ WTTNFa
9 2 B Mac-SIRT1 KO o 157 B Mac-SIRT1 KO
a [ Mac-SIRT1 KOTNFa @ [ Mac-SIRT1 KO TNFa
L 37 & 104
z 4
o 27 1
2 L5
- 5
& 0- 0- g 0

IkB Promoter TNFo Promoter

Nuclear lysate

FIG. 1. Myeloid cell-specific deletion of SIRT1 leads to hyperactive NF-«kB signaling. (A) Western blot (WB) analysis of SIRT1 protein in
BMDMs from Mac-SIRT1 KO mice compared to those from control mice. WT, wild type. (B) Elevated levels of acetylated p65 in Mac-SIRT1
KO BMDMs after TNF-a treatment. BMDMs from control and Mac-SIRT1 KO mice were treated with TNF-«a (10 ng/ml) in the presence or
absence of TSA (100 nM). Levels of acetylated p65 were analyzed by Western blotting. (C) Ablation of SIRT1 results in higher levels of Ac-p65
in the nucleus following TNF-a and TSA treatment. Total p65/RelA and Ac-p65/RelA were stained (red) by indirect immunofluorescence, and
the nuclei were stained (blue) with DAPI (4',6-diamidino-2-phenylindole). NT, nontreated. (D) SIRT1 deficiency increases the association of
p65/RelA with kB sites at the promoters of NF-kB target genes. BMDMs were treated with vehicle or TNF-a for 30 min and assayed using
anti-p65/RelA antibodies. NF-kB occupancy (percentage of input) at kB sites of IxkB and TNF-a promoters were analyzed by qPCR. (E) SIRT1
deficiency increases activated NF-kB. The data are represented as means = SEM; n = 3; *, P < (.05.

TNF-a treatment induced acetylation of RelA/p65 in both
control and SIRT1 KO BMDMs; however, SIRT1 KO
BMDMs displayed significantly higher levels of Ac-RelA/p65.
Further treatment with Trichostatin A (TSA), a specific inhib-
itor of the class I and II HDACs, dramatically induced hyper-
acetylation of RelA/p65 in SIRT1 KO BMDMs. Immunostain-
ing of BMDMs showed elevated nuclear Ac-RelA/p65 in
SIRT1 KO cells following TNF-a and TSA treatment, confirm-
ing that SIRT1 enzymatic activity regulates acetylation of
NF-kB (Fig. 1C). Collectively, these data indicate that SIRT1
deacetylates RelA/p65 K310 in macrophages, while deletion of
SIRTT1 leads to hyperacetylation of the transcription factor.
The increased acetylation status of NF-«B in SIRT1 KO
macrophages was suggestive of higher NF-kB-mediated gene
transcription. To test this possibility, Mac-SIRT1 KO and con-
trol BMDMs were stimulated with TNF-«, and chromatin-
associated fractions of NF-kB were analyzed by ChIP using
anti-RelA/p65 antibodies. In response to TNF-a, NF-kB levels
were moderately enriched at the promoters of several target
genes, including IkB and TNF-a genes, in Mac-SIRT1 KO
cells compared to controls (Fig. 1D). Furthermore, signifi-
cantly higher levels of DNA-bound NF-«B were found in Mac-
SIRT1 KO nuclear lysates than in controls following TNF-a
stimulation using an NF-«kB activation assay (Sigma) (Fig. 1E).
Loss of SIRT1 in macrophages promotes NF-kB-dependent
cytokine release. The NF-«kB transcription factor plays a piv-

otal role in the regulation of inflammatory, immune, and an-
tiapoptotic responses in mammals (14). Upon activation,
NF-kB orchestrates the transcription of numerous proinflam-
matory cytokines. The increased association of NF-kB with
target promoters in SIRT1-deficient macrophages indicated
that SIRT1 levels may influence NF-kB-dependent gene tran-
scription. To test this possibility, we analyzed NF-kB target
genes by quantitative reverse transcription (RT)-PCR. Basal
expression levels of TNF-a and IL-18, two major proinflam-
matory cytokines, were upregulated in Mac-SIRT1 KO
BMDMs compared to controls, suggesting chronic NF-kB
activation (Fig. 2A). A time course with TNF-a stimulation
led to varied, though consistently higher, expression of the
NF-kB target manganese superoxide dismutase (MnSOD),
cellular inhibitor of apoptosis 2 (cIAP2), IL-1B, and TNF-«a
genes in Mac-SIRT1 KO cells compared to controls (Fig.
2B). Additionally, protein levels of the cytokines monocyte
chemotactic protein 1 (MCP-1), IL-6, IL-12, and TNF-«a
were measurably higher in Mac-SIRT1 KO BMDM:s follow-
ing 12 h of TNF-a stimulation (Fig. 2C). In aggregate, these
data indicate that ablation of SIRT1 in macrophages leads
to increased NF-kB-dependent proinflammatory cytokine
production.

In addition to mediating proinflammatory cytokine gene ex-
pression, NF-kB plays an antiapoptotic role, providing cells
protection from environmental stresses (21). This notion is
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FIG. 2. Loss of SIRT1 in macrophages promotes NF-kB-dependent cytokine release and inhibits NF-kB-mediated apoptosis. (A) Elevated
proinflammatory cytokine message levels in Mac-SIRT1 KO BMDMs. (B) Increased mRNA expression of NF-«B target genes in Mac-SIRT1 KO
cells following TNF-« (10 ng/ml) treatment at the indicated time points. (C) Increased release of proinflammatory cytokines from Mac-SIRT1 KO
BMDMs measured by ELISA following 12-h TNF-« treatment. (D) SIRT1 deficiency protects BMDMs from TNF-a-induced apoptosis. BMDMS
from control and Mac-SIRT1 KO mice were treated with TNF-a and stained with propidium iodide. The data are represented as means = SEM;

n = 3; % P <0.05.

evidenced by the upregulation of the antiapoptotic cIAP2 gene
in Mac-SIRT1 KO BMDMs (Fig. 2B). To further evaluate this
arm of the NF-kB signaling pathway, BMDMs were treated
with increasing doses of TNF-« for 6 h, and cell survival was
measured by propidium iodide staining. In support of our
hypothesis, Mac-SIRT1 KO BMDMs displayed significantly
lower levels of cell death (Fig. 2D). These results suggest that
hyperactive NF-kB in SIRT1-deficient macrophages leads to
apoptosis resistance upon TNF-a treatment.

SIRT1 deficiency induces proinflammatory cytokine produc-
tion through hyperactivation of NF-kB. Our observations that
SIRT1 deficiency in macrophages results in hyperacetylated
NF-kB and elevated proinflammatory cytokine levels sug-
gested that SIRT1 is one of the primary HDACs regulating
NF-«kB-dependent gene transcription. In order to confirm this
hypothesis, we examined transcriptional expression using an
NF-kB-luciferase reporter construct in BMDMs. TNF-a-stim-
ulated Mac-SIRT1 KO cells displayed significantly higher re-
porter activity than controls (Fig. 3A, left). To confirm that the
increased reporter activity in the SIRT1 KO macrophages was
due to increased NF-«B signaling, siRNA to NF-«kB was trans-
fected into BMDMs (Fig. 3A, inset). As expected, both Mac-
SIRT1 KO and control cells exhibited very little difference in
NF-kB-luciferase reporter activity in NF-kB-depleted cells
(Fig. 3A, right). These results were further confirmed by as-
sessment of message levels of the NF-«B target IL-6 and IL-13

genes (Fig. 3B). Similarly, the production levels of proinflam-
matory cytokine proteins were comparable in control and
SIRT1 KO macrophages after depletion of NF-kB (Fig. 3C),
indicating that the elevated levels of cytokines in SIRT1-defi-
cient macrophages were primarily the result of hyperactive
NF-kB. To further verify that loss of SIRT1 induces inflam-
mation primarily through the NF-kB signaling pathway, mark-
ers for activated mitogen-activated protein (MAP) kinases
were examined in control and SIRT1 KO macrophages. No
distinguishable differences in protein levels were observed be-
tween cell types before and after TNF-« stimulation (Fig. 3D).
Together, these results suggest that loss of SIRT1 in macro-
phages leads to hyperactivation of the NF-kB transcription
factor, resulting in increased transcription of proinflammatory
genes.

Mac-SIRT1 KO mice are hypersensitive to local and sys-
temic LPS challenges. The elevated NF-«kB activity in SIRT1-
deficient macrophages suggested that Mac-SIRT1 KO mice
may be hypersensitive to immune challenges. Lung tissue is
macrophage rich, and LPS aerosolization exposure is a well-
established model for quantifying an organ-localized inflam-
matory response to environmental challenge. Therefore, to
further address the mechanisms by which SIRT1 modulates
activation of NF-«kB, we exposed control and Mac-SIRT1 KO
mice to an aerosolized solution containing LPS and then as-
sayed BAL fluid (BALF) for cytokine expression. As shown in
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FIG. 3. Loss of SIRT1 induces elevated levels of proinflammatory cytokines through NF-«kB. (A) Loss of SIRT1 induces NF-kB-dependent
transactivation. (Left) BMDMs were cotransfected with 3X kB luciferase reporter, followed by treatment with TNF-a (10 ng/ml). (Right) NF-«kB
siRNA was cotransfected together with reporter plasmids. (Inset) Western blot demonstrating NF-kB knockdown in primary macrophages. RNAI,
RNA interference. (B) Loss of SIRT results in elevated message levels of proinflammatory cytokines through NF-«kB. (C) Cytokine protein levels
are essentially equal in WT and Mac-SIRT1 KO cells following knockdown of NF-«kB. (D) SIRT1 does not appear to regulate the MAP kinase
signaling pathway. Shown is a representative Western blot of BMDMSs from control and Mac-SIRT1 KO mice following TNF-a treatment, as
indicated. The dsata are represented as means = SEM; n = 3; %, P < (.05.

Fig. 4A, aerosol exposure to LPS induced significantly higher
levels of IL-6 and a trend toward higher TNF-a levels in the
lungs of Mac-SIRT1 KO mice. Cytokine expression by resident
lung cells, in particular, alveolar macrophages, plays a key role
in the induction of migration of neutrophils (polymorphonu-
clear neutrophils [PMN]), a pivotal effector cell in both lung
infection and inflammation, into the lung airspace (33). In line
with increased cytokine levels in the BALF, Mac-SIRT1 KO
mice displayed trends toward higher white blood cell counts, in
particular, PMN (Fig. 4B to D), in response to aerosolized LPS
than littermate controls.

To further examine the proinflammatory phenotype of
Mac-SIRT1 KO mice, animals were given a single dose of LPS
(1 mg/kg) for 40 min, and serum and liver tissue samples were
analyzed for proinflammatory cytokines. Similar to pulmonary
exposure experiments, Mac-SIRT1 mice displayed higher lev-
els of TNF-a and IL-1B than controls in both serum (Fig. 4E)
and liver tissue (Fig. 4F) following exposure. These data sug-
gest that Mac-SIRT1-deficient mice exhibit an intrinsic proin-
flammatory phenotype that is independent of the metabolic
conditions associated with obesity.

Hyperactivation of NF-«B is associated with chronic inflam-
mation under obesity-like conditions (44). Several recent re-
ports have indicated that specific dietary fatty acids can directly
activate Toll-like receptors, which are key recognition compo-

nents of the innate immune system (30, 38). Stimulation of
these receptors triggers a signaling cascade culminating in ac-
tivation of proinflammatory signaling pathways. The elevated
activity of NF-kB in SIRT1 KO macrophages suggests that
Mac-SIRT1 KO mice may also display increased susceptibility
to environmental stimuli associated with obesity. To test this
possibility, Mac-SIRT1 KO and control mice were fed ad libi-
tum a Western diet providing 40% of Kcal as fat and 0.21% as
cholesterol for 14 weeks. In line with our hypothesis, thiogly-
colate-elicited peritoneal macrophages from Mac-SIRT1 KO
mice displayed higher message levels of the proinflammatory
cytokines TNF-a and IL-6 than controls (Fig. 5A). More im-
portantly, serum protein levels of the cytokines IL-6, IL-12,
TNF-a, and MCP-1 were significantly higher in Mac-SIRT1
KO mice, suggesting a chronic inflammatory state (Fig. 5B).
Furthermore, significantly higher levels of F4/80, a classic
marker of macrophage infiltration, were expressed in the livers
of Mac-SIRT1 KO mice than in those of controls (Fig. 5C).
Message levels of TNF-a and IL-1B (Fig. 5C), as well as pro-
tein cytokine levels, were also increased in liver tissue of
Mac-SIRT1 KO mice (Fig. SD), pointing toward the develop-
ment of hepatic inflammation. Interestingly, F4/80 expression
was higher in white adipose tissue (WAT) in Mac-SIRT1 KO
mice (Fig. 5SE). This pattern is indicative of elevated adipose
tissue macrophages (ATMs), which are thought to perpetuate



VoL. 30, 2010

HEWT N Mac-SIRT1 KO

A BALF B
1000 600 . 0.3
-] o
S 800 =
™ x
e 400 <
E 600 5 02
£ -g
[}
2 400 200 Z 041
o 200 3
o o
0 0 0
TNFa IL-6
D BALF Protein E Serum
0.10 300 3000
£ »
0.08 2 250 2500
[
9 200 2000
E 0.06 g
?E;, £ 150 1500
(0% £ 100 1000
0.02 e 50 500
o
0 0 0
TNFo

DELETION OF SIRT1 INDUCES INFLAMMATORY SIGNALING

4717

Differential Analysis C Total WBC
0.4
)
x 0.3
:
2 0.2
=]
=z
= 01
[
(]
0
Mo PMN Lymph
F Liver
c
& 3 30 . 160 .
o
L 25
o 120
g 20
-
) 15 80
£ 10
H 40
55
&0 0
IL-18 o TNFo IL-1B

FIG. 4. SIRT1 deficiency augments proinflammatory cytokine levels in vivo. Mice were exposed to aerosolized LPS and sacrificed 2 h later.
(A) BALF was collected and analyzed for TNF-a and IL-6 levels (n = 5 or 6). (B) Differential analysis of blood cells in BALF following aerosolized
LPS exposure, as described in Materials and Methods (n = 6 per cohort). The data are represented as means = SEM. (C) Total WBC counts from
control and Mac-SIRT1 KO mice following aerosol LPS treatment, as described in Materials and Methods (n = 6 per cohort). The data are
represented as means = SEM. (D) BALF protein levels in control and Mac-SIRT1 KO mice following aerosol LPS treatment, as described in
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KO mice (n = 9) given LPS injections (1 mg/kg). (F) Elevated liver tissue cytokine protein levels in Mac-SIRT1 KO mice (n = 9) given LPS
injection (1 mg/kg). The data are represented as means = SEM; *, P < (.05.

local inflammation and cause insulin resistance (37, 39, 42).
Additionally, inducible nitric oxide synthase (iNOS2), an en-
zyme involved in the oxidative respiratory burst of macro-
phages, was upregulated in Mac-SIRT1 KO mice (Fig. 5E).
Collectively, these results highlight SIRT1’s protective role in
high-fat-induced inflammation.

Myeloid deficiency of SIRT1 exacerbates insulin resistance
and impairs glucose tolerance. Chronic inflammation is
thought to underlie obesity-induced insulin resistance and type
2 diabetes (15, 31). Therefore, we investigated whether
Mac-SIRT1 KO mice were at increased risk of developing
metabolic disease. Although Mac-SIRT1 KO mice displayed
no body weight abnormalities on a chow diet (data not shown),
they did gain significantly more weight on a Western diet than
control mice (Fig. 6A) without variation in food intake (data
not shown). Consistent with an increase in body weight, serum
leptin levels and epididymal fat pads from Mac-SIRT1 KO
mice exceeded those of controls (Fig. 6B and C). These results
suggest that deletion of SIRT1 in macrophages exacerbates the
onset of diet-induced obesity. It is likely that the excess weight
gain by Mac-SIRT1 KO mice on a Western diet was due to
chronic activation and infiltration of macrophages into key
metabolic organs, such as WAT and the liver, resulting in
dysfunction in metabolic signaling programs.

To further explore the role of SIRT1 in obesity-induced
insulin resistance, glucose and insulin tolerance tests were per-
formed in control and Mac-SIRT1 KO mice (Fig. 6E and F).
The results revealed that Mac-SIRT1 KO mice were slightly
but significantly more glucose intolerant following a 14-week
high-fat diet challenge (Fig. 6E). Additionally, Mac-SIRT1 KO
mice were more resistant than controls to the glucose-lowering

effects of exogenous insulin (Fig. 6F). Consistent with a de-
crease in insulin sensitivity, fasting insulin levels were signifi-
cantly higher in the Mac-SIRT1 KO mice (Fig. 6D). However,
serum triglyceride levels, cholesterol levels, and bone density
(data not shown) were similar between mouse models. To
further explore the origin of insulin resistance, phosphoryla-
tion levels of AKT, a marker for the onset of global insulin
resistance, were analyzed in liver, muscle, and WAT tissues
(Fig. 6G). As expected, Mac-SIRT1 KO mice displayed lower
levels of AKT phosphorylation, suggestive of chronic insulin
resistance. In summary, these data signify that macrophage-
specific loss of SIRT1 magnifies systemic insulin resistance and
hinders glucose tolerance.

SIRT1 deficiency in macrophages induces a compensatory
increase of SIRT6 histone H3K9 deacetylase activity. Histone
deacetylation decreases accessibility of chromatin to DNA
binding factors. This notion was highlighted in a recent report
demonstrating that the SIRT1 homolog SIRT6 associates with
NF-«kB target gene promoters and attenuates gene transcrip-
tion through deacetylase of histone H3K9 (18). To determine
whether SIRT6 deacetylase activity may have compensatory
effects on NF-kB transcription in the absence of SIRT1, ChIP
analysis was performed on NF-kB target gene promoters using
anti-SIRT6 antibodies. SIRT6 promoter occupancy was dra-
matically reduced in BMDM control cells following TNF-a
stimulation (Fig. 7A). However, in Mac-SIRT1 KO cells,
SIRT6 levels remained consistent even after TNF-a treatment.
Additionally, Ac-H3KO9 levels near NF-kB binding sites within
promoters of IkB and TNF-a were significantly higher in con-
trol cells than in SIRT1-deficient cells following TNF-« stim-
ulation (Fig. 7B). This evidence indicates that the chromatin-
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FIG. 5. Mac-SIRT1-deficient mice display enhanced proinflamma-
tory cytokine levels on a high-fat diet. (A) Elevated message levels of
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macrophages after high-fat feeding. (B) Elevated serum cytokine protein
levels in Mac-SIRT1 KO mice after high-fat feeding. (C and D) Markers
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levels and macrophage infiltration markers in white adipose tissue of
Mac-SIRT1 KO mice. The mice were fed a high-fat diet for 14 weeks. The
data are represented as means = SEM; n = 5 or 6; *, P < 0.05.
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remodeling actions of SIRT6 may in part compensate for
SIRT1-mediated NF-«kB gene transcription. Western blot anal-
ysis of whole-cell lysates also showed decreased Ac-H3K9 lev-
els in the Mac-SIRT1 KO cells, even after treatment with TSA,
suggesting compensation from chromatin-associated SIRT6
(Fig. 7C).

To further explore the compensatory effects of SIRTO,
BMDMs were transfected with siRNA to SIRT6, followed by
treatment with TNF-a. Message levels of the NF-«kB target
IL-1B gene were slightly higher in cells depleted of both sir-
tuins, while TNF-a levels showed little change (Fig. 7D). In
aggregate, these results suggest that SIRT6 deacetylase activity
is upregulated in Mac-SIRT1 KO mice, pointing to a compen-
satory role of SIRT6 in the absence of SIRT1.

DISCUSSION

Since the discovery of sirtuins as longevity determination
genes in yeast over a decade ago, much effort has been devoted
to elucidating the molecular mechanisms and physiological
functions of their mammalian homologs. Recently, evidence
has emerged pointing toward an association between SIRT1
and the NF-«B transcription factor, which makes targeting this
signaling pathway an intriguing possibility for the treatment of
chronic inflammatory diseases (29, 40, 41). In our current
study, we used a Mac-SIRT1 KO mouse model to explore
SIRTT’s role in the regulation of the NF-kB-mediated inflam-
matory response. We demonstrated that SIRT1 plays an im-
portant role in controlling cytokine production in the wake of
environmental stimuli, such as TNF-«, bacterial endotoxin,
and dietary lipids. Importantly, our study used a novel mouse
model to further verify that SIRT1 regulates this in vivo anti-
inflammatory effect by modulating NF-kB gene transcription
in immune cells, namely, macrophages.

Our findings suggest that SIRT1 plays a protective role
against chronic inflammation and thus development of meta-
bolic syndrome, an observation supported by several indepen-
dent lines of evidence. First, Mac-SIRT1 KO BMDMs display
elevated levels of hyperacetylated nuclear NF-kB. Second, hy-
peractive NF-kB signaling in macrophages contributed to ele-
vated transcriptional activity and proinflammatory cytokine
production. Third, knockdown of NF-kB in Mac-SIRT1 KO
and control macrophages results in similar cytokine production
in the cell groups, demonstrating that SIRT1 functions primar-
ily through NF-kB. Fourth, loss of SIRT1 leads to compensa-
tory SIRT6 deacetylase activity on histone H3 lysine 9. Finally,
the chronic inflammatory phenotype observed in Mac-SIRT1
KO mice is independent of metabolic conditions. However,
HFD-induced obesity exacerbates metabolic abnormalities in
Mac-SIRT1 KO mice and leads to systemic abrogated insulin
signaling.

It is widely reported that NF-kB is subject to regulation by
acetylation and to deacetylation by HDACs, including SIRT1
(8, 29, 40, 41). We note that the promiscuous nature of SIRT1
deacetylase activity at both histone and nonhistone substrates
most likely reflects a transient enzyme-substrate interaction. In
this context, it appears SIRT1 association at NF-kB target
gene promoter sites is an important regulatory mechanism
involved in the modulation of this transcription factor. In sup-
port of these notions, TSA treatment abrogates deacetylation
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insulin signaling in tissues of Mac-SIRT1 KO mice. Total cell lysates were
muscle, and white adipose tissue. The data are represented as means =

of NF-«kB in Mac-SIRT1 KO macrophages, further highlight-
ing the dynamic nature of this process (Fig. 1B and C). Unlike
SIRT1, SIRT6 exerts deacetylase activity on histone H3K9
(Fig. 7A and B), demonstrating that SIRT1 and SIRT6 act
upon NF-«B via distinct molecular mechanisms. These findings
imply that the combinatory actions of both sirtuins modulate
NF-«kB transcriptional activity and thus regulate the immune
signaling pathway (Fig. 7E).

Additional experiments with both primary macrophages and
Mac-SIRT1 KO mice revealed that the proinflammatory phe-
notype associated with myeloid deletion of SIRT1 was inde-
pendent of metabolic conditions. For example, Mac-SIRT1-
deficient mice displayed hyperactive immune signaling in
response to both aerosol and systemic LPS injections on a
standard diet, where no metabolic defects were observed (Fig.
4A to C). These same chow-fed mice showed no signs of
obesity or metabolic derangements, while displaying a height-
ened state of inflammatory response. Additionally, primary
bone marrow-derived macrophages from Mac-SIRT1 KO mice
expressed higher basal levels of proinflammatory cytokines
(Fig. 2A). These findings indicate that SIRT1 deficiency in-
duces an intrinsic proinflammatory status in macrophages. Ad-
ditional data from our group (not shown) indicate that SIRT1-

immunoblotted for phospho-Akt (P-Akt) or total Akt in liver, quadriceps
SEM; *, P < 0.05, unless noted.

deficient macrophages display disruptions in fatty acid
oxidative metabolism. It is likely that the intrinsic chronic in-
flammation in Mac-SIRT1 KO mice primes diet-induced obe-
sity, elevated resting leptin levels, and insulin resistance (Fig.
6A to G). Consistent with this notion, excess proinflammatory
cytokines have been shown to trigger insulin resistance in an-
imals (9, 33). This chronic activation may be the cause of
insulin resistance. Since NF-kB is a transcription factor in-
volved in a vast array of disease states, understanding its in-
teractions with sirtuins may provide therapeutic benefits.
Excess proinflammatory cytokines have been shown to trig-
ger insulin resistance in animals (10, 34). In vitro cell culture
studies have shown that TNF-« can render cells insulin resis-
tant through downregulation of the synthesis of the glucose
transporter, as well as through interference with insulin signal-
ing (34). Studies have also shown that mice lacking the TNF-«
receptor have improved capacity to facilitate glucose uptake in
metabolic tissues (35, 36). Interestingly, it has been shown that
caloric restriction attenuates the age-related upregulation of
nuclear factor NF-kB, which is known to induce transcription
of TNF-« in adipose tissue and the production of inflammatory
cytokines in immune cells (20, 41). It is possible that upregu-
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lation of SIRT1 may contribute to increases in insulin sensi-
tivity and reduction in inflammation.

In summary, we have demonstrated an important role for
SIRTI in immune signaling. In the absence of SIRT1, macro-
phages display hyperactive NF-«kB, leading to increased tran-
scription of proinflammatory genes. Our findings identify
SIRT1 as an important link between environmental stress and
immune system activation. It will be interesting to investigate
how pharmacological activators of sirtuins affect diseases as-
sociated with chronic inflammation.
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