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  Sirtuin 1 (SIRT1) is a mammalian NAD＋-dependent protein deacetylase that regulates cellular 
metabolism and inflammatory response. The organ-specific deletion of SIRT1 induces local inflam-
mation and insulin resistance in dietary and genetic obesity. Macrophage-mediated inflammation con-
tributes to insulin resistance and metabolic syndrome, however, the macrophage-specific SIRT1 
function in the context of obesity is largely unknown. C57/BL6 wild type (WT) or myeloid-specific SIRT1 
knockout (KO) mice were fed a high-fat diet (HFD) or normal diet (ND) for 12 weeks. Metabolic 
parameters and markers of hepatic steatosis and inflammation in liver were compared in WT and 
KO mice. SIRT1 deletion enhanced HFD-induced changes on body and liver weight gain, and increased 
glucose and insulin resistance. In liver, SIRT1 deletion increased the acetylation, and enhanced 
HFD-induced nuclear translocation of nuclear factor kappa B (NF-κB), hepatic inflammation and 
macrophage infiltration. HFD-fed KO mice showed severe hepatic steatosis by activating lipogenic path-
way through sterol regulatory element-binding protein 1 (SREBP-1), and hepatic fibrogenesis, as 
indicated by induction of connective tissue growth factor (CTGF), alpha-smooth muscle actin (α -SMA), 
and collagen secretion. Myeloid-specific deletion of SIRT1 stimulates obesity-induced inflammation and 
increases the risk of hepatic fibrosis. Targeted induction of macrophage SIRT1 may be a good therapy 
for alleviating inflammation-associated metabolic syndrome.

Key Words: Hepatic steatosis, High-fat diet, Nuclear factor kappa B, Sirtuin 1

INTRODUCTION

  Sirtuin 1 (SIRT1) is an NAD＋-dependent deacetylase 
that regulates energy metabolism and stress response [1,2]. 
SIRT1 was shown to deacetylate nuclear factor kappa B 
(NF-κB) and regulate inflammatory and apoptotic re-
sponses [3]. The activated NF-κB promotes expression of 
inflammatory cytokines, such as tumor necrosis factor-α 
(TNF-α) and interleukin-6 (IL-6), and inhibits insulin sig-
naling by insulin receptor substrate (IRS) serine phosphor-
ylation or proteasomal degradation [4,5]. 
  SIRT1 is ubiquitously expressed in various mammalian 
tissues such as brain, kidney, muscle, liver, and adipose 

tissue [6]. Its organ-specific functions include regulation of 
gluconeogenesis and fatty acid β oxidation in the liver, 
stimulation of insulin secretion in the pancreas, and regu-
lation of energy homeostasis in the brain [7-10]. SIRT1 
function has been extensively studied in tissue-specific 
knockdown or knockout mouse models, among which hep-
atic function of myeloid SIRT1 has been particularly inter-
ested in the pathology of obesity and diabetes.
  Obesity is associated with a chronic low-grade inflam-
mation, which contributes to diabetes, fatty liver disease, 
and other metabolic disorders. Inflammatory cytokines re-
leased by adipose tissue macrophages induce insulin resist-
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ance and the activated macrophages are infiltrated in vari-
ous tissues, leading to systemic inflammation [11,12]. 
Hepatic macrophages are a major source of pro-inflam-
matory cytokines and reactive oxygen species and hep-
atocyte-specific SIRT1 knockout results in hepatic in-
flammation and steatosis [9]. The expression of SIRT1 was 
reduced in non-alcoholic fatty liver disease (NAFLD) in-
duced by HFD-fed rats [13], and SIRT1 activators improved 
insulin sensitivity and reduced adipose tissue inflammatory 
responses in obese Zucker diabetic fatty rats [14]. In dietary- 
and genetically-induced obesity, a chronic insulin-resistant 
state of being hyperglycemic, hyperlipidemic, hypoadipo-
nectinemic, and hyperleptinemic, may also contribute to 
systemic inflammation mediated by macrophage SIRT1 
[15,16].
  In this study, we investigated the role of macrophage 
SIRT1 on obesity-induced metabolic and inflammatory 
changes. We examined the effect of myeloid cell-specific 
SIRT1 deletion on insulin resistance, inflammation, hepatic 
steatosis and fibrogenesis, to provide a therapeutic poten-
tial of modulating SIRT1 expression for treating obesity-in-
duced metabolic syndrome. 

METHODS

Animals and genotyping

  SIRT1flox/flox mice (B6;129- SIRT1tm1Ygu/J) and LysM-Cre 
mice (B6;129P2-lyz2tm1(cre)Ifo/J) were received from Dr. Lee 
SI (Gyenongsnag National Univeristy School of Medicine). 
The SIRT1flox/flox and homozygous LysM-Cre mice were 
crossed to obtain myeloid cell-specific SIRT1 KO mice 
(Supplementary Fig. 1A) [17]. SIRT1flox/flox; LysM-Cre＋/＋ 
(SIRT1 KO, n=20) and SIRT1flox/flox; LysM-Cre−/− (SIRT1 
wild type [WT, n=20]) mice older than 6 weeks were fed 
ad libitum either a standard laboratory chow diet (ND) or 
a high-fat diet (HFD) (D12079B; Research Diets, New 
Brunswick, NJ, USA) for 12 weeks. The experiments were 
performed in accordance with the National Institutes of 
Health Guidelines on the Use of Laboratory Animals (GNU- 
130306-M0021).
  Primers used for genotyping are listed. Floxed Sirt1 pri-
mers are Forward-5’ GGT TGA CTT AGG TCT TGT CTG 
3’ and Reverse-5’ CGT CCC TTG TAA TGT TTC CC 3’. Cre＋/＋ 
primers are WT- 5’ TTA CAG TCG GCC AGG CTG AC 3’ 
and Common-5’ CTT GGG CTG CCA GAA TTT CTC 3’. 
Cre−/− primers are Mutant-5’ CCC AGA AAT GC AGA TTA 
CG 3’ and Common-5’ CTT GGG CTG CCA GAA TTT CTC 
3’.

Glucose tolerance test (GTT) and insulin tolerance test 
(ITT)

  For the GTT, mice received D-glucose (2 g/kg, Sigma-Aldrich, 
St. Louis, MO, USA) by intraperitoneal injection after an 
overnight fast (16 h), and blood samples were collected be-
fore and 30, 60, 90, and 120 minutes after the injection. 
For the ITT, mice were given intraperitoneal injections of 
insulin (0.75 U/kg, Humulin-R; Eli Lilly, Indianapolis, IN, 
USA), and blood samples were collected before and 15, 30, 
45, and 60 minutes after the injection. Blood glucose was 
measured using an Accu-Chek glucometer (Roche Diagno-
stics GmbH, Mannheim, Germany).

Measurement of serum metabolic parameters 

  Mice were intramuscularly anesthetized with Zoletil (5 
mg/kg; Virbac Laboratories, Carros, France), after which 
blood samples were extracted transcardially and allowed 
to clot for 2 h at room temperature. After centrifugation, 
the serum samples were stored at −80oC until analysis. 
Serum aspartate aminotransferase (AST), alanine amino-
transferase (ALT), free fatty acid (FFA), total cholesterol, 
and triglyceride (TG) levels were determined by enzymatic 
colorimetric assays from Green Cross Reference Laboratory 
(Yongin-si, South Korea). Serum insulin, leptin, and adipo-
nectin concentrations (n=7 mice per each group) were 
measured using mouse insulin (Shibayagi Co., Gunma, 
Japan), leptin (Crystal Chem Inc., IL, USA), and adipo-
nectin (Shibayagi) ELISA kits, respectively. 

Hepatic TG colorimetric assay

  Frozen liver was freshly homogenized and centrifuged 
and the supernatants were used to determine TG levels. 
TG concentration (n=7 mice per each group) was measured 
using a TG colorimetric assay kit (Cayman Chemical Com-
pany, Ann Arbor, MI, USA). 

Tissue preparation

  Mice (n=4 mice per each group) were anesthetized with 
Zoletil and perfused transcardially with heparinized saline 
followed by 4% paraformaldehyde. Liver was processed for 
paraffin embedding and cut into 5-μm thick sections.

Oil Red O, Sirius red and Masson Trichrome staining

  To determine hepatic lipid accumulation, frozen liver sec-
tions (5-μm thick) were stained with 0.5% Oil Red O 
(Sigma-Aldrich) for 10 min, washed, and counterstained 
with Mayer’s hematoxylin (Sigma-Aldrich) for 45 sec. Data 
for Oil Red O staining were presented as the mean percent-
age of stained area to a total hepatic region in 10 fields 
from each liver section. Quantitative analysis was performed 
using analySIS-FIVE program (Olympus Soft Imaging 
System, Münster, Germany). To examine collagen deposi-
tion and hepatic fibrosis, the deparaffinized liver sections 
were stained with Sirius red (Sigma-Aldrich) and Masson 
trichrome (Sigma-Aldrich). The sections were visualized 
under a BX51 light microscope (Olympus, Tokyo, Japan).

Sircol collagen assay

  The Sircol collagen assay is a quantitative dye-binding 
method for the analysis of acid and pepsin-soluble collagens. 
The collagen concentration from frozen liver tissues was de-
termined by using a Sircol assay kit (Bioclor Ltd., Northern 
Ireland, UK). 

Immunohistochemistry

  The deparaffinized sections of liver was placed in 0.3% 
H2O2 for 10 minutes, washed, and incubated in blocking 
serum for 20 min. Sections were incubated in primary anti-
bodies (Supplementary Table 1) at 4oC overnight and with 
a secondary biotinylated antibody for 1 h at room tem-
perature. After washing, the sections were incubated in avi-
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Fig. 1. SIRT1 deletion aggravates 
HFD-induced weight gain and insu-
lin resistance. (A) Body weights, (B)
liver/body weight ratio, (C) food in-
take, (D) fasting blood glucose levels, 
(E) GTT, (F) ITT, (G) area under 
curve (AUC) for GTT and (H) AUC 
for ITT of WT and KO mice fed ND 
or HFD. Data are presented as mean±
SEM. *p＜0.05 for WH mice versus 
WN mice. †p＜0.05 for KH mice versus
KN mice. #p＜0.05 for KH mice 
versus WH mice. WN, ND-fed WT 
mice; WH, HFD-fed WT mice; KN, 
ND-fed KO mice; KH, HFD-fed KO 
mice.

din-biotin-peroxidase complex solution (Vector Laboratories, 
Burlingame, CA, USA) and developed with 0.05% diamino-
benzidine (Sigma-Aldrich) containing 0.05% H2O2. The sec-
tions were then dehydrated in graded alcohols, cleared in 
xylene, and mounted under a coverslip with Permount 
(Sigma-Aldrich). The CD68-positive immunostained cells 
were counted from three sections (n=3∼4 per each group) 
by observers blinded to the treatment conditions using 200x 
objectives. The sections were visualized under a BX51 light 
microscope (Olympus) and the quantitative analysis was 
performed using analySIS-FIVE program (Olympus Soft 
Imaging System).

Western blot analysis 

  For protein extraction (n=6 mice per each group), frozen 
liver tissues were used. For cytosolic and nuclear fraction 
preparation, livers were chopped in ice-cold lysis buffer (10 
mM HEPES-KOH [pH7.9], 1.5 mM MgCl2, 10 mM KCl, pro-

tease inhibitors), homogenized, and centrifuged for 1 min 
at 12,000 rpm. Then, the supernatant was collected as a 
cytosol fraction and nuclear pellet was resuspended in 
high-salt extraction buffer (20 mM HEPES-KOH [pH7.9], 
1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 
protease inhibitors, 0.5 mM DTT), incubated on ice for 20 
min, and centrifuged for 10 min at 12,000 rpm. Then, the 
supernatant was collected as a nuclear fraction. For total 
protein preparation, frozen liver and epididymal pad fats 
were homogenized in ice-cold lysis buffer (15 mM HEPES 
[pH 7.9], 0.25 M sucrose, 60 mM KCl, 10 mM NaCl, 1 mM 
ethylene glycol tetraacetic acid, 1 mM phenylmethylsulfonyl 
fluoride, and 2 mM NaF). Samples were probed with pri-
mary antibodies (Supplementary Table 1) and protein bands 
were detected using enhanced chemiluminescence sub-
strates (Pierce, Rockford, IL, USA). The Multi-Gauge image 
analysis program (version 3.0; Fujifilm, Tokyo, Japan) was 
used for densitometry analysis.
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Table 1. Serum metabolic parameters in WT and SIRT1 KO mice fed with ND or HFD

 WN (n=7)  WH (n=7)  KN (n=7) KH (n=7)

Insulin (ng/mL) 0.16±0.01 0.39±0.05* 0.15±0.01 0.72±0.08†,#

Leptin (ng/mL) 6.47±0.81 34.13±1.73* 11.63±1.13 36.36±1.37†

Adiponectin (μg/mL) 4.45±0.17 3.60±0.19* 4.49±0.40 3.67±0.18†

Total cholesterol (mg/dL) 120.29±6.31 170.00±4.39* 125.86±6.18 204.29±7.24†,#

Triglyceride (mg/dL) 73.43±5.36 63.57±1.65 80.86±9.59 61.29±6.22
Free fatty acid (μEq/L) 1174.57±87.97 1200.00±30.12 1068.43±89.12 1088.14±60.91
AST (U/L) 69.57±6.31 115.43±14.08* 71.57±9.31 118.14±13.49†

ALT (U/Ll) 24.57±1.00 67.14±6.23* 20.29±0.89  94.86±19.67†,#

*p＜0.05. vs. WN mice, †p＜0.05. vs. KN mice, #p＜0.05. vs. WH mice.

Statistical analysis 

  Differences between groups were determined by one-way 
ANOVA, followed by post hoc analysis by using the Bonfer-
roni test. Results were presented as mean±standard error 
of the mean (SEM), and p＜0.05 was considered significant. 

RESULTS

Effects of SIRT1 deletion on body weight and metabolic 
changes in HFD-fed mice

  We first examined the effect of SIRT1 deletion on HFD- 
induced changes in metabolic parameters. Body weights 
were significantly increased in HFD-fed WT (WH) and 
HFD-fed KO (KH) mice compared with ND-fed WT (WN) 
and ND-fed KO (KN) mice, respectively (at weeks 4, 8, and 
12); additionally, KH mice had significantly elevated weight 
gain compared with WH mice (at weeks 4 and 8) (Fig. 1A). 
HFD also significantly increased liver/body weight ratio in 
both KO and WT mice, the fold-changes in ratio induced 
by HFD were greater in KO mice than in WT mice (Fig. 
1B). Although food intake was lower in HFD-fed mice than 
in ND-fed mice, SIRT1 deletion did not significantly affect 
food intake in either diet (Fig. 1C).
  Results of measurement in serum metabolic hormones, 
lipids, and hepatic enzymes (Table 1) showed that HFD in-
duced hyperinsulinemia, hyperleptinemia, hypoadiponec-
tinemia, and hypercholesterolemia in both WT and KO 
mice compared to ND mice. Insulin and total cholesterol 
levels were significantly higher in KH mice than in WH 
mice. Serum TG and FFA levels were not significantly dif-
ferent among the groups. AST and ALT levels were sig-
nificantly increased in HFD-fed mice compared with ND- 
fed mice; KH mice had significantly higher ALT level than 
WH mice.

Effects of SIRT1 deletion on insulin resistance in 
HFD-fed mice

  We found that HFD significantly increased serum insulin 
levels in KO mice compared with WT mice (Table 1). 
Fasting blood glucose levels were significantly higher in KH 
mice than in KN mice (at weeks 8 and 12) or WH mice 
(at weeks 12) (Fig. 1D). Further, KH mice had impaired 
blood glucose regulation following D-glucose injection, and 
exhibited significantly elevated blood glucose levels com-

pared with WH mice at all measurement intervals of the 
GTT (Fig. 1E and G). The hypoglycemic response to insulin 
was also impaired in KH mice, as they exhibited sig-
nificantly elevated blood glucose levels compared with WH 
mice at all measurement intervals of the ITT (Fig. 1F and 
H).

Effects of SIRT1 deletion on NF-κB acetylation and 
inflammation in HFD-fed mice

  SIRT1 is known to suppress inflammatory responses by 
deacetylating NF-κB p65 [17] and thus, we investigated 
the correlation between hepatic SIRT1 and acetylated NF-
κB expression. SIRT1 expression was decreased in KO 
mice compared with WT mice due to SIRT1 silencing in 
myeloid-derived liver macrophages (Kupffer cells), and the 
level was further reduced by HFD (Fig. 2A). As previously 
reported [17], we confirmed the reduced SIRT1 expression 
in liver and epididymal fat of KO mice in which mye-
loid-derived cells, Kupffer cells and peritoneal macrophages 
are enriched, respectively (Supplementary Fig. 1B). Among 
sirtuin family, SIRT1 and SIRT3 are closely related pro-
teins as belonging to class I sirtuins [18]. However, the ex-
pression of mitochondrial SIRT3 in liver of both WT and KO 
was not affected by myeloid SIRT1 deletion (Supplementary 
Fig. 2). 
  Accordingly, the acetylated NF-κB p65 levels were in-
creased in KO mice and the level was comparable to that 
in WH mice (Fig. 2B). Acetylated NF-κB is known to trans-
locate to the nucleus, where it regulates transcriptional 
activity. To determine whether HFD induces the nuclear 
localization of NF-κB, nuclear and cytosolic fractions were 
separated and NF-κB levels were analyzed in each fraction. 
Nuclear NF-κB was increased by HFD in both KO and WT 
mice (Fig. 2C), and the nuclear-to-cytosolic (N/C) ratio was 
significantly increased in KH mice compared to WH mice 
(Fig. 2D).
  We then examined whether NF-κB activation by SIRT1 
deletion aggravates hepatic inflammation induced by HFD. 
TNF-α signaling contributes to hepatic steatosis and fib-
rosis by activating Kupffer cells and hepatic stellate cells 
(HSCs) and reducing apoptosis of activated HSCs [18]. 
Western blot analysis showed that HFD increased high mo-
bility group protein B1 (HMGB1), TNF-α, and TNF re-
ceptor 1 (TNFR1) expression over ND in both WT and KO 
mice (Fig. 3A and B). Although TNF-α and TNFR1 ex-
pression was lower in KO mice than WT mice, the 
fold-changes in expression induced by HFD were greater 
in KO mice than in WT mice.
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Fig. 2. SIRT1 deletion increases NF-
κB acetylation and induces NF-κB 
nuclear translocation in HFD-fed 
mice. Western blots of SIRT1 (A) and 
acetylated NF-κB p65 (B) in liver 
homogenates from WT and KO mice 
fed ND or HFD. (C, D) Western blots 
of cytosolic and nuclear NF-κB and 
the nuclear/cytosolic (N/C) ratio of 
NF-κB levels. Band intensity was 
normalized to β-actin or α-tubulin. 
Data are presented as mean±SEM.
*p＜0.05 for WH mice versus WN 
mice. †p＜0.05 for KH mice versus 
KN mice. #p＜0.05 for KH mice 
versus WH mice. WN, ND-fed WT 
mice; WH, HFD-fed WT mice; KN, 
ND-fed KO mice; KH, HFD-fed KO 
mice.

  We showed that HFD increased hepatic inflammation as 
indicated by induction of CD68-positive mature macro-
phages in both KO and WT mice; the effect was much great-
er in KO mice compared to WT mice (Fig. 3C). We also 
observed HFD-induced hepatic crown-like structures (hCLS) 
which are macrophage aggregates surrounding the fatty 
hepatocytes and positively correlated with hepatic inflam-
mation [19]. The number of hCLS, positive for CD68 stain-
ing, was significantly increased in KH mice compared to 
WH mice (Fig. 3C). The results suggest that HFD increased 
TNF-α-mediated hepatic inflammation and macrophage 
activation, and SIRT1 deletion aggravated the phenotype.
  The c-Jun N-terminal kinase (JNK) activity in macro-
phages is a feature of obesity-induced insulin resistance 
and inflammation [20]. Thus, we examined the effect of 
SIRT1 deletion on JNK activity in HFD-fed mice and found 
that phosphorylated JNK was dramatically increased by 
HFD compared to ND; the effect was much more severe 
in KH mice than in WH mice (Fig. 3D).

Effects of SIRT1 deletion on hepatic steatosis in HFD-fed 
mice

  Hepatic steatosis is characterized by accumulation of TG 
vacuoles and hepatomegaly, which is an early stage of liver 
damage and could further develop into hepatic fibrosis and 
cirrhosis [21]. To assess the phenotype of hepatic steatosis, 
we performed hematoxylin and eosin (H&E) and Oil Red 
O staining (Fig. 4A). We found that WH and KH mice ex-
hibited enlarged cytoplasmic lipid droplets compared to WN 
and KN mice, and lipid droplet sizes were larger in KH 
mice than in WH mice (Fig. 4A). Oil Red O-positive areas 
(%) in WN and WH mice were 7.71±0.58 and 32.85±1.27, 
respectively; the positive areas (%) in KN and KH mice 
were 15.01±0.72 and 40.19±2.13, respectively. The results 

demonstrate that KN mice showed a mild hepatic steatosis 
phenotype that was aggravated by HFD.
  We examined the expression of SREBP1 which is a lipo-
genic gene, being transcriptionally activated in hepatic 
steatosis. HFD increased mature SREBP1 in the nuclear 
fractions of both WT and KO mice, and KH mice displayed 
higher levels of mature SREBP1 than WH mic (Fig. 4B). 
In addition, we found that the elevated hepatic TG in KH 
mice compared to WH mice (Fig. 4C). Taken together, the 
results suggest that SIRT1 deletion favors hepatic lipogenesis 
and aggravates hepatic steatosis under HFD.

Effects of SIRT1 deletion on hepatic fibrogenesis in 
HFD-fed mice 

  We examined hepatic expression of connective tissue growth 
factor (CTGF) and alpha-smooth muscle actin (α-SMA) which 
are indicative of hepatic fibrogenesis (Fig. 5). CTGF and 
α-SMA are overexpressed in the patients with severe hep-
atic fibrosis [22,23]. Compared with WH or KN mice, KH 
mice showed a significant increase in hepatic CTGF ex-
pression and CTGF-positive immuno-stained cells (Fig. 5A 
and B). In addition, KH mice showed a significant increase 
in hepatic α-SMA expression and α-SMA -positive im-
muno-stained cells (Fig. 5C and D).
  To determine hepatic collagen accumulation, we per-
formed Masson Trichrome and Sirius red staining (Fig. 6). 
We found that collagen deposition around portal triad were 
larger in KH mice compared to WH mice (Fig. 6A and B). 
In addition, KH mice showed a greater accumulation of hep-
atic collagen than WH mice, indicating that SIRT1 deletion 
may precipitate the development of hepatic fibrosis (Fig. 6C). 
The expression of hepatic 4-hydroxynonenal (4-HNE), a 
marker of lipid peroxidation [24,25] is associated with hep-
atic fibrogenesis [26]. Although KN mice has lower 4-HNE 
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Fig. 3. SIRT1 deletion aggravates 
HFD-induced hepatic inflammation 
and JNK activation. (A, B) Western 
blots of HMGB1, RAGE, TNF-α, 
and TNFR1 in liver homogenates 
from WT and KO mice fed an ND or 
HFD. (C) Immunohistochemistry using 
a CD68 antibody for detection of ac-
tivated macrophages in liver sec-
tions. The areas in black squares in 
the top panels were magnified on the 
bottom. The CD68-positive cells were 
quantified. Scale bar=100 μm (high
magnification, 50 μm). (D) Western 
blots of p-JNK/JNK in liver homo-
genates from WT and KO mice fed 
ND or HFD. Data are presented as 
mean±SEM. *p＜0.05 for WH mice 
versus WN mice. †p＜0.05 for KH 
mice versus KN mice. #p＜0.05 for 
KH mice versus WH mice. WN, ND- 
fed WT mice; WH, HFD-fed WT mice;
KN, ND-fed KO mice; KH, HFD-fed 
KO mice.

levels than WN mice, the fold-induction induced by HFD 
was greater than WN mice (Fig. 6D), suggesting the fibro-
genic potential of SIRT1 deletion. Taken together, the re-
sults suggest that SIRT1 deletion contributes to hepatic fi-
brogenesis under HFD.

DISCUSSION

  We previously showed that a 24-week of HFD signifi-
cantly induces microglial activation and reduces cholinergic 
neurotransmission in the hypothalamus of myeloid-specific 
SIRT1 KO mice [27]. However, neither hypothalamic in-
flammation nor food intake response was changed after a 
12-week of HFD from our previous observation. SIRT1 dele-
tion may affect insulin-responsive organs such as liver ear-
ly, and later impairs hypothalamic function. In this study, 
we showed that myeloid-specific SIRT1 deletion aggravated 

the HFD-induced weight gain, insulin resistance, and hep-
atic inflammation, and further showed hepatic fibrogenesis. 
SIRT1 deletion induced a significant increase of NF-κB ac-
tivity and inflammatory protein expression, and severe 
macrophage infiltration in HFD-fed mice. Previous studies 
identified SIRT1 as an anti-inflammatory factor [4,14,27,28], 
and showed that modest overexpression of SIRT1 sup-
pressed the inflammation [29], whereas conditional SIRT1 
deletion increased inflammatory response in a mouse model 
of arthritis [29,30]. Consistently, we showed that mye-
loid-specific SIRT1 deletion aggravated HFD-induced in-
flammation in liver.
  SIRT1 heterozygote mice fed a HFD are shown to be more 
obese and insulin-resistant and typically develop hep-
atomegaly [31]. Consistently, we showed that myeloid-spe-
cific SIRT1 KO mice were more vulnerable to HFD-induced 
changes, as they gained more body and liver weight and 
more insulin-resistant compared to WH mice. In our study, 



Role of Myeloid SIRT1 in Fatty Liver 457

Fig. 4. SIRT1 deletion aggravates 
hepatic steatosis in HFD-fed mice. 
(A) Histological analysis of hepatic 
fat accumulation by H&E and Oil 
Red O staining. Scale bar=100 μm. 
(B) Western blots of nuclear SREBP1
in liver homogenates from WT and 
KO mice fed an ND or HFD. Band 
intensity was normalized to nuclear 
p84 protein. (C) Hepatic TG levels in 
supernatant fractions of liver homo-
genates. Data are presented as mean
±SEM. *p＜0.05 for WH mice versus 
WN mice. †p＜0.05 for KH mice 
versus KN mice. #p＜0.05 for KH 
mice versus WH mice. WN, ND-fed 
WT mice; WH, HFD-fed WT mice; 
KN, ND-fed KO mice; KH, HFD-fed 
KO mice.

Fig. 5. SIRT1 deletion increases hepatic 
CTGF and α-SMA expression in 
HFD-fed mice. (A) Western blots of 
CTGF in liver homogenates from 
WT and KO mice fed ND or HFD. 
(B) Immunohistochemistry for CTGF 
detection in liver sections. (C) Western
blots of α-SMA in liver homogenates 
from WT and KO mice fed ND or 
HFD. (D) Immunohistochemistry for 
α-SMA detection in liver sections.
Band intensity was normalized to β-
actin. Data are presented as mean±
SEM. *p＜0.05 for WH mice versus 
WN mice. †p＜0.05 for KH mice 
versus KN mice. #p＜0.05 for KH 
mice versus WH mice. WN, ND-fed 
WT mice; WH, HFD-fed WT mice; 
KN, ND-fed KO mice; KH, HFD-fed 
KO mice. Scale bar=100 μm.
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Fig. 6. SIRT1 deletion induces hepatic
fibrogenesis in HFD-fed mice. His-
tological analysis of hepatic collagen 
deposition by Masson trichrome (A) 
and Sirius red staining (B). Scale 
bar=100 μm. (C) Hepatic collagen 
levels measured in liver extracts 
using a Sircol collagen assay kit. (D) 
Western blots of 4-HNE in liver 
homogenates from WT and KO mice 
fed ND or HFD. Band intensity was 
normalized to β-actin. Data are 
presented as mean±SEM. *p＜0.05 
for WH mice versus WN mice. †p＜
0.05 for KH mice versus KN mice. 
#p＜0.05 for KH mice versus WH 
mice. WN, ND-fed WT mice; WH, 
HFD-fed WT mice; KN, ND-fed KO 
mice; KH, HFD-fed KO mice.

KH mice showed severe lipid accumulation and inflam-
mation in liver, as previously reported in HFD-fed SIRT1 
heterozygote mice [31,32] and liver-specific SIRT1 KO mice 
[9]. In addition, we found that KH mice showed a signifi-
cant induction of 4-HNE, a marker of lipid peroxidation, 
compared to WH mice. A recent study showed that the 
treatment of antioxidant resveratrol or N-acetyl-L-cysteine 
(NAC) improves insulin sensitivity in liver-specific SIRT1 
KO mice [25], suggesting that HFD-induced oxidative stress 
is involved in SIRT1-mediated regulation.
  In the present study, we showed an increase of hepatic 
TG and lipid accumulation and induction of mature SREBP1 
in KH mice, and suggest that SIRT1-mediated lipid metab-
olism is a potential therapeutic target for treating fatty liv-
er disease. CTGF, a potent HSC-activating cytokine, is as-
sociated with HSC activation and progression and shown 
to be overexpressed in patients with fatty liver disease [33]. 
Hyperglycemia and hyperinsulinemia contribute to the pro-
gression of fibrosis in patients with hepatic steatohepatitis 

or ob/ob mice through the up-regulation of CTGF [22,34]. 
In addition, we observed a significant increase of hCLS in 
HFD-fed KO mice; hCLS precedes the development of colla-
gen deposition and is often located close to fibrogenic lesions 
[19]. Thus, our findings of increased CTGF expression, the 
hCLS and collagen levels in KH mice indicate that myeloid 
deletion of SIRT1 has a fibrogenic effect and is critically 
involved in the progression from simple steatosis to non-al-
coholic steatohepatitis (NASH).
  Obesity is associated with a chronic low-grade inflam-
mation, and particularly, insulin resistance is closely linked 
to the activation of inflammatory cytokines, TNF-α and 
IL-6, that in turn promote insulin resistance by inhibiting 
insulin receptor substrate-1 (IRS-1) [35,36]. Consistently, 
we showed that TNF-α and TNFR1 expression and HMGB1 
secretion were significantly increased by HFD. Although 
NF-κB p65 acetylation was increased in KN mice compared 
to WN mice due to the reduced deacetylase enzyme activity, 
the NF-κB nuclear translocation was not significantly in-



Role of Myeloid SIRT1 in Fatty Liver 459

duced in KN mice (Fig. 2B, D); it may explain that the basal 
levels of TNF-α and TNFR1 were reduced in KN mice. 
However, upon HFD challenge, the fold-changes in TNF-α 
and TNFR1 expression were greater in KO mice than in 
WT mice. A previous report showed that macrophage- 
derived TNF-α contributes to hepatic steatosis and in-
flammation in diet-induced obesity [37]. We speculate that 
the myeloid-specific SIRT1 deletion may also contribute to 
the reduced production of TNF-α and suppressed immune 
responses in KN mice. In this study, we showed that HFD 
stimulated the nuclear translocation of acetylated NF-κB 
and induced TNF-α-mediated signaling in KO mice; the 
effect was severe compared with WT mice. Other signaling 
factors linking SIRT1, NF-κB and TNF-α/TNFR1 in the 
pathway may be addressed in future study. 
  In the present study, JNK activity, measured by a p-JNK 
level, was significantly increased in KH mice. The activated 
JNK promotes serine phosphorylation of IRS-1, which 
down-regulates insulin signaling causing insulin resistance 
[38]. Consistently, selective JNK deficiency in macrophages 
was shown to be insulin-sensitive in HFD-fed mice, and the 
protection was associated with reduced macrophage infilt-
ration and polarization [20]. These studies demonstrate that 
JNK is required for obesity-induced insulin resistance and 
inflammation and SIRT1 in macrophages may be an im-
portant regulator of JNK activity.
  We demonstrate that SIRT1 deficiency in macrophages 
aggravated HFD-induced inflammation, insulin resistance, 
and fatty liver disease. Activating SIRT1 signaling may re-
duce obesity-induced inflammation and metabolic syndrome, 
and importantly, targeted induction of macrophage SIRT1 
may be a good therapy for alleviating systemic levels of obe-
sity-induced inflammation.

SUPPLEMENTARY MATERIALS

  Supplementary data including one figure can be found 
with this article online at http://pdf.medrang.co.kr/paper/ 
pdf/Kjpp/Kjpp019-05-08-s001.pdf.
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