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STING-mediated inflammation in Kupffer cells
contributes to progression of nonalcoholic steatohepatitis

Yongsheng Yu," Yu Liu,? Weishuai An,' Jingwen Song,' Yuefan Zhang,? and Xianxian Zhao'

'Department of Cardiovasology, Changhai Hospital, Second Military Medical University, Shanghai, China. “Department of Cardiology, Nanjing University Medical School Affiliated Nanjing Drum Tower
Hospital, Nanjing, China. *Department of Clinical Pharmacy, Shanghai General Hospital, Shanghai Jiaotong University, Shanghai, China.

Innate immune activation contributes to the transition from nonalcoholic fatty liver to nonalcoholic steatohepatitis (NASH).
Stimulator of IFN genes (STING, also referred to Tmem173) is a universal receptor that recognizes released DNA and

triggers innate immune activation. In this work, we investigated the role of STING in the progression of NASH in mice. Both
methionine- and choline-deficient diet (MCD) and high-fat diet (HFD) were used to induce NASH in mice. Strikingly, STING
deficiency attenuated steatosis, fibrosis, and inflammation in livers in both murine models of NASH. Additionally, STING
deficiency increased fasting glucose levels in mice independently of insulin, but mitigated HFD-induced insulin resistance
and weight gain and reduced levels of cholesterol, triglycerides, and LDL in serum; it also enhanced levels of HDL. The
mitochondrial DNA (mtDNA) from hepatocytes of HFD-fed mice induced TNF-o and IL-6 expression in cultured Kupffer cells
(KCs), which was attenuated by STING deficiency or pretreatment with BAY11-7082 (an NF-kB inhibitor). Finally, chronic
exposure to 5,6-dimethylxanthenone-4-acetic acid (DMXAA, a STING agonist) led to hepatic steatosis and inflammation in
WT mice, but not in STING-deficient mice. We proposed that STING functions as an mtDNA sensor in the KCs of liver under
lipid overload and induces NF-kB-dependent inflammation in NASH.

Introduction

Nonalcoholic fatty liver disease (NAFLD) ranges from simple ste-
atosis to nonalcoholic steatohepatitis (NASH), cirrhosis, and even
hepatocellular carcinoma. Currently, the population prevalence
of NAFLD in Asia is around 25%, which is similar to that in many
Western countries (1). The pathophysiology of NASH is still not ful-
ly understood, but it is commonly accepted in the field that innate
immune activation is a key factor in initiating and amplifying
hepatic inflammation, contributing to the transition from simple
steatosis to NASH (2). The innate immune response was activated
in leukocytes, such as Kupffer cells (KCs), by damage-associated
molecular patterns (DAMPs) and pathogen-associated molec-
ular patterns (PAMPs) (2, 3). Recently, the mitochondrial DNA
(mtDNA) has been recognized as one of the endogenous DAMPs
when released into the cytosol and extracellular environment,
activating innate immune response and promoting inflammation
(4, 5). NASH patients featured higher mitochondrial mass, but
lower maximal respiration and increased oxidative DNA dam-
age (6). Furthermore, it was reported that obese patients with
high serum alanine aminotransferase (ALT) levels had increased
plasma levels of mtDNA, but not nuclear DNA (nDNA) (7). Innate
immune recognition relies on a pattern recognition receptor, such
as TLRY, located in the endoplasmic reticulum. It was reported
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that hepatocyte-derived mtDNA activated TLR9 in the macro-
phages and induced expression of various inflammatory cytokines
and chemokines, which, in turn, increased triglyceride accumu-
lation in hepatocytes, activated fibrosis in the stellate cells, and
thereby accelerated NASH progression (7, 8). In addition to inter-
acting with the TLR9 pathway, mtDNA could also be detected by
stimulator of IFN genes-dependent (STING-dependent, STING,
also referred to as Tmem173, MPYS, MITA, and ERIS) cytosolic
sensors (9, 10). Systemic injection of oxidized mtDNA enhanced
IFN-stimulated gene expression in spleens of WT mice, but not
STING-deficient mice (11). STING appeared to be a universal
receptor for cyclic dinucleotides, including the bacterial second
messengers 3'-5'-cyclic-di-adenosine-monophosphate  (CDA)
and 3’-5’-cyclic-di-guanosine-monophosphate (CDG) as well as
the newly identified metazoan second messenger, cyclic-GMP-
AMP (12). STING deficiency prevented hepatic injury and fibrosis
in both acute and chronic carbon tetrachloride-treated mice (13).
Deficiency of STING prevented lipid accumulation in hepato-
cytes and protected from alcohol-induced liver injury at early
time points (14). More importantly, it was reported that STING
deficiency partially prevented high-fat diet-induced (HFD-
induced) adipose tissue inflammation, obesity, insulin resistance,
and glucose intolerance (15).

Thus, we hypothesized that deficiency of STING attenuates
the progression of NASH and employed the mice that were fed
with methionine- and choline-deficient diet (MCD) or HFD as
murine models of NASH to investigate the role of STING. Mice
fed a MCD diet rapidly (for about 8 weeks) develop steatohepa-
titis in livers, which mimics the impairment observed in patients
with NASH, but it is associated with significant weight loss and
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Figure 1. Deficiency of STING attenuated MCD-induced hepatic steatosis and fibrosis in mice. WT or STING-deficient mice (Tmem173¢') were
exposed to MCD for 8 weeks to induce NASH. Paraffin-embedded liver sections were stained with H&E (A) or Masson-trichrome (B), and hepatic
histological scores and fibrosis area were calculated. Scale bars: 200 um. Graphs showed levels of cholesterol (C), triglycerides (D), and hydroxy-
proline (E) in livers and levels of ALT (F) and AST (G) in serum. n = 9 in each group. Values are shown as mean + SD. *P < 0.05 versus WT mice fed
with control diet; #P < 0.05 versus WT mice fed with MCD. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer

multiple comparisons test.

the mice do not exhibit insulin resistance (16). NASH develops
in HFD-fed mice and is linked to pathogenic factors similar to
those in humans, with steatosis and metabolic syndrome pre-
ceding the transition to steatohepatitis, but it requires a long
feeding period (17).

In addition, KCs were isolated from livers of WT or STING-
deficient (Tmem173#) mice fed with chow or HFD. The mtDNA
isolated from hepatocytes was added to these KCs to allow for
investigation of the underlying mechanism by which STING defi-
ciency protected against mtDNA-induced inflammation.

Results

Deficiency of STING attenuated MCD-induced hepatic steatosis and
fibrosis in mice. WT and STING-deficient mice (Tmem173¢) were
fed with MCD for 8 weeks to induce NASH. H&E (Figure 1A)
and Masson staining (Figure 1B) revealed steatosis, ballooning,
inflammation, and fibrosis in the livers of MCD-fed mice, which
was attenuated by deficiency of STING. Levels of cholesterol (Fig-
ure 1C), triglyceride (Figure 1D), and hydroxyproline (a marker
of fibrosis, Figure 1E) in livers and levels of ALT (Figure 1F) and
aspartate aminotransferase (AST) (Figure 1G) in serum were high-
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Figure 2. Deficiency of STING attenuated HFD-induced insulin resistance and histological change in livers of mice. WT or STING-deficient mice
(Tmem173¢t) were exposed to HFD for 26 weeks to induce NASH. Graphs show the body weight (A) and levels of fasting glucose (B) and insulin (C) in serum.
Paraffin-embedded liver sections were stained with H&E (D) or Masson-trichrome (E), and hepatic histological scores and fibrosis area were calculated.
Scale bars: 200 um. n = 9 in each group. Values are shown as mean + SD. *P < 0.05 versus WT mice fed with control diet; P < 0.05 versus WT mice fed
with HFD. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.

er in MCD-fed mice. STING deficiency lowered the levels of ALT
and AST in serum and reduced levels of triglyceride, cholesterol,
and hydroxyproline in livers when mice were fed with MCD.

In control mice, STING deficiency had no significant effect
on levels of ALT or AST in serum and levels of triglyceride, cho-
lesterol, or hydroxyproline in livers. In mice fed with control diet
or MCD, STING deficiency had no significant effect on levels of
cholesterol or triglyceride in serum (Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JC1121842DS1).

Deficiency of STING attenuated HFD-induced hepatic steatosis and
fibrosis in mice. WT and STING-deficient mice were fed with HFD
for 26 weeks to induce NASH. At the end of the experiment, body
weight of STING-deficient mice was lower than that of WT mice
(Figure 2A). Feeding with HFD resulted in a significant enhance-
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ment of body weight in WT mice, but not in STING-deficient mice.
Fasting glucose levels of STING-deficient mice were higher than
those in WT mice (Figure 2B). HFD led to a significant enhance-
ment of fasting glucose levels of WT mice. HFD in STING-deficient
mice slightly enhanced fasting glucose levels, but not significantly.
The insulin levels were similar between WT and STING-deficient
mice (Figure 2C). HFD resulted in a significant enhancement of
insulin levels in WT mice, but not in STING-deficient mice, which
indicated that deficiency of STING attenuated HFD-induced insu-
lin resistance in mice. H&E (Figure 2D) and Masson staining (Figure
2E) revealed steatosis, ballooning, inflammation, and fibrosis in the
livers of HFD-fed mice, which was attenuated by STING deficiency.

Levels of cholesterol (Figure 3A), triglyceride (Figure 3B), and
hydroxyproline (Figure 3C) in livers and levels of ALT (Figure 3D),
AST (Figure 3E), cholesterol (Figure 3F), triglycerides (Figure 3G),
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Figure 3. Deficiency of STING attenuated HFD-induced hepatic steatosis and fibrosis in mice. WT or STING-deficient mice (Tmem173¢') were exposed to HFD
for 26 weeks to induce NASH. Graphs show levels of cholesterol (A), triglycerides (B), and hydroxyproline (C) in livers and levels of ALT (D), AST (E), cholesterol
(F), triglycerides (G), LDL (H), and HDL (1) in serum. n = 9 in each group. Values are shown as mean + SD. *P < 0.05 versus WT mice fed with control diet; *P <
0.05 versus WT mice fed with HFD. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.

and LDL (Figure 3H) in sera were higher in HFD-fed mice. Levels
of HDL (Figure 3I) in sera were lower in HFD-fed mice. STING
deficiency in HFD-fed mice lowered the levels of ALT, AST, cho-
lesterol, triglycerides, and LDL in sera, reduced levels of triglycer-
ide, cholesterol, and hydroxyproline in livers, and enhanced levels
of HDL in sera.

Deficiency of STING attenuated MCD- or HF D-induced inflam-
mation in livers of mice. Both MCD (Figure 4A) and HFD (Figure
4B) led to upregulation of mRNA expression of F4,/80, TNF-a, and
IL-6 in livers, which was alleviated by STING deficiency. Similar
results were demonstrated in protein levels of TNF-a and IL-6
(Supplemental Figure 2). Both MCD and HFD led to upregulation
of mRNA expression of IL-1B in livers. However, STING deficiency
did not significantly affect IL-13 mRNA expression in livers.

To obtain further insight into steatosis and fibrosis, transcript
levels of genes implicated in hepatic lipogenesis and fibrogenesis
were evaluated. STING deficiency reduced mRNA levels of SREBP-
1¢, FAS, and CD36 and enhanced mRNA levels of PPAR« in livers
of mice fed with MCD or HFD (Supplemental Figure 3). In addition,
STING deficiency significantly reduced mRNA levels of Col1A1 and
0-SMA in livers of mice fed with MCD or HFD (Figure 4, C and D).

We also tested the mRNA expression of type I IFN in livers of
NASH models. In MCD-fed mice, IFN-o and IFN-$ mRNA levels
were similar to those in control mice (Supplemental Figure 4A). In
HFD-fed mice, IFN-a and IFN-B mRNA levels were higher than
those in control mice (Supplemental Figure 4B). STING deficiency
had no significant effect on mRNA expression of IFN-a and IFN-§
in control mice or NASH mice.
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Figure 4. Deficiency of STING attenuated MCD- or HFD-induced inflammation and modulated mRNA expression of genes associated with fibrogenesis
in livers of mice. WT or STING-deficient mice (Tmem173%) were exposed to MCD for 8 weeks or HFD for 26 weeks to induce NASH. Graphs show mRNA
expression of F4/80, TNF-o, IL-6, and IL-1B (A and B) and a-SMA and Col1A1 (C and D) in livers of mice. n =9 in each group. Values are shown as mean +
SD. *P < 0.05 versus WT mice fed with control diet; #*P < 0.05 versus WT mice fed with MCD or HFD. Statistical significance was determined using 1-way

ANOVA followed by Tukey-Kramer multiple comparisons test.

mtDNA from hepatocytes of HFD-fed mice induced activation of
NF-«B and increased mRNA expression of TNF-a.and IL-6. We tested
to determine whether an 8-week MCD model or a 26-week HFD
model led to an increase in plasma mtDNA. The mtDNA levels,
but not nDNA levels, were significantly higher in plasma of MCD-
fed mice (Supplemental Figure 5A) and HFD (Supplemental Fig-
ure 5B) mice than in control mice. Furthermore, Western blotting
analysis and immunohistochemistry results revealed that STING
protein was not expressed in hepatocytes (Figure 5, A and B).
Western blotting results demonstrated that primary murine KCs
expressed STING protein.

KCs were isolated from livers of WT or Tmem173¢ mice
fed with chow or HFD. The mtDNA (100 ng/ml) (7) from
hepatocytes was added to KCs for 12 hours. It was found that
exposure to mtDNA from hepatocytes of HFD-fed mice led to
increased activity of NF-kB (Figure 5C) and upregulation of
mRNA expression of TNF-a (Figure 5D) and IL-6 (Figure 5E).
The mtDNA from hepatocytes of chow-fed mice had no signif-
icant effect on the activity of NF-kB and mRNA expression of
TNF-o and IL-6. Increased responsiveness of KCs from HFD-
fed mice to mtDNA from hepatocytes of HFD-fed mice was
observed compared with that from control mice. STING defi-
ciency attenuated NF-kB activation and upregulation of mRNA
expression of TNF-o and IL-6 induced by mtDNA from hepato-
cytes of HFD-fed mice. Exposure to mtDNA from hepatocytes
of HFD-fed mice led to upregulation of mRNA expression of
IL-1p in KCs, but STING deficiency had no significant effect on
IL-1pB expression (Figure 5F).

The role of STING and TLR9 in the inflammation induced by
mtDNA. The mtDNA from injured hepatocytes was also rec-
ognized by TLR9 as an endogenous ligand (7, 8). Transfection
with TLR9 shRNA lentiviral particles downregulated TLR9 pro-
tein expression in cultured KCs (Supplemental Figure 6). Unlike

jci.org  Volume129  Number2  February 2019

STING deficiency, knockdown of TLR9 suppressed IL-1p expres-
sion in KCs when exposed to mtDNA from hepatocytes of HFD-
fed mice. In addition, it was found that STING deficiency and
TLR9 knockdown synergistically suppressed expression of TNF-o,
and IL-6 (Supplemental Figure 7).

The role of IFN regulatory factor 3 and NF-«B in inflamma-
tion induced by mtDNA. KCs isolated from livers of WT mice
fed with chow or HFD were treated with BAY11-7082 (an NF-«xB
inhibitor, 10 uM) (18) or Bx-795 (an IFN regulatory factor 3
[IRF3] inhibitor, 1 uM) (19) for 30 minutes. Afterwards, they
were stimulated with mtDNA from hepatocytes of HFD-fed
mice for 12 hours. It was found that pretreatment with BAY11-
7082 markedly inhibited upregulation of TNF-a (Figure 6, A
and B) and IL-6 (Figure 6, C and D) induced by mtDNA (HFD).
Pretreatment of KCs with Bx-795 slightly reduced expression of
TNF-a and IL-6.

DMXAA induced steatosis and inflammation in livers of mice.
WT or STING-deficient mice were exposed to 5,6-dimethyl-
xanthenone-4-acetic acid (DMXAA, a known activator of mouse
STING, 25 mg/kg/2 days, i.p.) (20) for 8 weeks. At the end the
experiment, DMXAA showed no significant effect on body
weight (Figure 7A) or fasting glucose levels (Figure 7B). DMXAA
exposure slightly increased serum levels of ALT (Figure 7C) and
AST (Figure 7D). DMXAA exposure in mice led to enhanced lev-
els of triglycerides (Figure 7E) and cholesterol (Figure 7F) in liv-
ers and upregulated mRNA expression of TNF-o and IL-6 (Figure
7G), which was abolished by STING deficiency. Similar results
were demonstrated in protein levels of TNF-o and IL-6 (Supple-
mental Figure 8) in livers.

DMXAA induced STING-dependent activation of NF-xB and
expression of TNF-o. and IL-6 in cultured KCs. The KCs isolated
from WT or STING-deficient mice were stimulated with DMXAA
(20 pg/ml) (21) for 6 hours or left unstimulated. DMXAA incu-
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Figure 5. mtDNA from hepatocytes of HFD-fed mice induced activation of NF-kB and increased mRNA expression of TNF-a and IL-6. Primary hepato-
cytes and KCs were isolated from C57BL/6 mice. Protein expression of STING (A) was detected in KCs, but not in hepatocytes. The B-tubulin was used as

a loading control. Liver sections of mice fed with control chow or HFD were stained for STING (B). The mtDNA (100 ng/ml) from hepatocytes of chow-fed
(mtDNA CD) and HFD-fed (mt DNA HFD) mice was added to KCs from WT or STING-deficient mice (Tmem173¢!) fed with chow or HFD for 12 hours. The
activity of NF-xB (C) was determined by luciferase assay, and mRNA expression of TNF-a. (D), IL-6 (E), and IL-1B (F) was determined by RT-PCR. The in vitro
experiments were performed 5 times, and each experiment was performed with replicates. *P < 0.05. Statistical significance was determined using 1-way

ANOVA followed by Tukey-Kramer multiple comparisons test.

bation enhanced activity of NF-kB (Figure 8A) and upregulated
expression of TNF-a (Figure 8, B and D) and IL-6 (Figure 8, C and
E) in cultured KCs; this was abolished by STING deficiency.

Discussion

We used STING-deficient (Tmem173#) mice, in which a point
mutation in the Sting gene (T596A) led to STING dysfunction and
degradation (22), and we found that STING deficiency markedly
attenuated hepatic steatosis, fibrosis, and inflammation in both
MCD- and HFD-fed murine models in our work.

One recent report claimed that the early proapoptotic acti-
vation of IRF3 by CCl, was hepatocyte specific and mediated by
STING (13). The authors also claimed that STING and IRF3 were
key determinants of alcoholic liver disease, linking ER stress sig-
naling with hepatocyte apoptosis (14). Qiao et al. reported that
knockdown of STING in LO2 cells (a normal human fetal liver
cell line) attenuated free fatty acid-induced apoptosis (23). Cho
et al. reported that lipotoxicity induced hepatic protein inclusions
through STING/TBK1 activation in HepG2 cells (a human hepato-
cellular carcinoma cell line) (24). However, while IRF3 is mainly
expressed in hepatocytes (13), STING protein was not expressed
in hepatocytes of adult humans or mice (25, 26). In our work,
Western blotting analysis and immunohistochemistry results
also demonstrated that hepatocytes in livers of adult mice did not
express STING protein.

In the investigation of the role of STING in NASH, mononu-
clear cells (particular for KCs) are of critical importance. KCs are
a crucial part of the innate immune system, acting as scavengers
and phagocytes in livers (27). KCs were the first cells responding
to hepatocyte injuries, leading to activation of NF-kB and induc-
tion of proinflammatory cytokines (TNF-o, IL-18, and IL-6) and
chemokine and monocyte recruitment (28), and early depletion
of liver KCs prevented the development of NASH in animals (29,
30). In our work, STING deficiency attenuated mtDNA-induced
activation of NF-kB and induction of TNF-a and IL-6 in KCs. The
increase of TNF-o-producing KCs was crucial for NASH develop-
ment, acting by promoting blood monocyte infiltration through
the production of IP-10 and MCP-1 (28). Intraperitoneal injec-
tion of TNF-a dramatically accelerated the hepatic accumulation
of fat by upregulating gene expression of SREBP-1c¢ (31). Macro-
phage-derived TNF-a enhanced the survival of activated hepatic
stellate cells (HSCs) and thereby increased liver fibrosis (32). In
addition, recombinant or macrophage-derived IL-6 was a potent
activator of the lipogenic factors in hepatocytes (33, 34). There-
fore, STING might participate in hepatic steatosis, fibrosis, and
inflammation through promoting activation of NF-kB and induc-
tion of TNF-a and IL-6 in KCs.

It is known that STING utilizes IRF3 and NF-«B pathways to
exert its effects on type I IFN and proinflammatory genes (35).
However, it was reported that global KO of IRF3 significantly pro-
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Figure 6. The role of NF-kB and IRF3 in inflammation induced by mtDNA in KCs. mtDNA (100 ng/ml) from hepatocytes of HFD-fed (mtDNA HFD) mice
was added to KCs from WT or STING-deficient mice (Tmem173¢!) fed with chow or HFD for 12 hours in the presence of pretreatment with the NF-«B inhib-
itor (BAY11-7082, 10 uM) or IRF3 inhibitor (Bx-795, 1 uM) for 30 minutes. Cell lysates and culture supernatant were collected to measure TNF-o and IL-6
mRNA levels by real-time PCR (A and C) or protein levels by ELISA (B and D). The in vitro experiments were performed 5 times, and each experiment was
performed with replicates. *P < 0.05. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.

moted chronic HFD-induced hepatic steatosis (36), indicating
that STING-mediated inflammation in NASH might not be depen-
dent on IRF3. STING-mediated IRF3 and NF-«B activation could
be uncoupled from each other in bone marrow-derived macro-
phages and bone marrow-derived dendritic cells (19). In addition,
reduced expression of IRF3 (36) and activated NF-kB (37) were
observed in animals or patients with NASH. Therefore, in fatty liv-
ers, STING/NF-«B might be the principal pathway contributing to
KC-derived inflammation.

The mtDNA from injured hepatocytes was also recognized by
TLR9 as an endogenous ligand, and subsequent IL-1p production
was important for the development of NASH (7, 8). Both STING
and TLR9 were located in the endoplasmic reticulum, and our
work revealed that STING deficiency had no significant effect
on IL-1B production in NASH mice and cultured KCs. STING
deficiency and TLR9 knockdown synergistically suppressed
expression of TNF-a and IL-6 in KCs when exposed to mtDNA.
Thus, STING and TLR9 in KCs might synergistically contribute
to mtDNA-induced inflammation in NASH.

In the present work, deficiency of STING attenuated HFD-
induced moderate insulin resistance and weight gain in mice.
Interestingly, in contrast with a previous report (15), STING-
deficient mice in our work showed higher fasting glucose levels and
lower body weight, accompanied by unaltered insulin levels. It was
reported that IRF3 KO mice also showed higher fasting glycemia
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(36) and glycemia measured in the fed state (38), accompanied by
unaltered insulin levels. However, IRF3 KO mice showed higher
body weight (36), which was not consistent with STING-deficient
mice. STING might modulate glucose levels through the IRF3 path-
way, but modulate body weight independently of IRF3. Further
investigation is required to elucidate the underlying mechanism.

Finally, one limitation should be noted in our work. STING
was also expressed in endothelial cells. STING knockdown
suppressed palmitic acid-induced endothelial inflammation
and attenuated monocyte/endothelial cell adhesion (15). It was
reported that liver sinusoidal endothelial cell injury might have
a “gatekeeper” role in the progression from simple steatosis to
the early NASH stage (39). STING in liver sinusoidal endothelial
cells might be important as well in the development of NASH,
which requires further investigation.

In conclusion, we proposed that STING functions as an mtDNA
sensor in the KCs of liver under lipid overload and induces NF-kB-
dependent inflammation in NASH. Development of STING inhib-
itors or manipulation of the expression of STING may represent a
novel approach to managing NASH in patients.

Methods

Animals. WT mice and STING-deficient (Tmem173&) mice were
purchased from Jackson Laboratory. All mice used were on a
C57BL/6] background.
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Figure 7. DMXAA induced steatosis and inflammation in livers of mice. WT or STING-deficient mice (Tmem173%) were exposed to DMXAA (a known
activator of mouse STING, 25 mg/kg/2 days, i.p.) for 8 weeks. Graphs show the body weight (A), levels of fasting glucose (B), levels of ALT (C) and AST (D)
in serum, and levels of triglycerides (E) and cholesterol (F) and mRNA expression of TNF-a and IL-6 (G) in livers. n = 10 in each group. Values are shown as
mean + SD. *P < 0.05. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.

Adult female mice (6 weeks old) were bred in-house in a patho-
gen-free facility and fed either a control diet (59.4% carbohydrate,
4.3% lipid, and 24.3 protein) or HFD (2% cholesterol, 0.2% cholic
acid, 8% yolk powder, 18% lard; 43.0% carbohydrate, 25.9% lipid, and
19.7% protein) ad libitum for 26 weeks.

Adult female mice (6 weeks old) were bred in-house in a patho-
gen-free facility and fed either control diet or MCD (composition of
diet is shown in Supplemental Methods, Supplemental Table 1; TRO-
PHIC Animal Feed High-tech Co.) ad libitum for 8 weeks. At the end
of the experiment, the mice were anesthetized with 3% sodium pento-
barbital, and their livers were immediately harvested.

Details of real-time quantitative PCR (RT-PCR), Western blot-
ting, biochemical analysis, and histological analysis are shown in Sup-

plemental Methods. Unless otherwise specified, drugs and reagents
were purchased from Sigma-Aldrich.

Cell isolation and treatment. Hepatocytes from WT mice fed with
chow or HFD were isolated by collagenase perfusion as described pre-
viously (40). Viability was more than 90% for all preparations, as deter-
mined by trypan blue staining. Fresh hepatocytes were seeded on colla-
gen-coated 6-well plates. Cells were washed after 3 hours to remove dead
cells, and fresh culture medium was added to incubate the cells overnight.
Mitochondrial fractions were extracted from hepatocytes with the Mito-
chondria Isolation Kit for Cultured Cells (Thermo Fisher Scientific).

Mouse KCs were isolated from WT or Tmem173# mice fed
with chow or HFD by the density gradient separation of Percoll
(GE Healthcare Life Sciences), and then plates were gently washed
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Figure 8. DMXAA induced activation of NF-kB and expression of TNF-a and IL-6 in cultured KCs. The KCs isolated from WT or STING-deficient mice
(Tmem173¢) were stimulated with DMXAA (20 pg/ml) for 6 hours or not. The activity of NF-kB (A) was determined by luciferase assay. The cell lysates and
culture supernatant were collected 6 hours after DMXAA treatment to look at TNF-a and IL.-6 mRNA levels by real-time PCR (B and C) or protein levels by
ELISA (D and E). Values are shown as mean + SD. The in vitro experiments were performed 5 times, and each experiment was performed with replicates.
*P < 0.05. Statistical significance was determined using 1-way ANOVA followed by Tukey-Kramer multiple comparisons test.

and media was replenished after seeding cells for 2 hours to raise
KC purity. Then KCs were isolated by using (a) APC-conjugated rat
anti-mouse CD11b (BioLegend, catalog 101212; 1:100) and anti-APC
magnetic beads (Miltenyi Biotec, catalog 130-090-855) and (b) the
depleted CD11b fraction was stained with APC-conjugated rat anti-
mouse F4/80 antibody (BioLegend, catalog 123116; 1:100) and anti-
APC magnetic beads (Miltenyi Biotec, catalog 130-090-855). Cell
viability (>90%) was evaluated by trypan blue exclusion.

Statistics. The values are shown as mean * SD. One-way ANOVA fol-
lowed by Tukey-Kramer multiple comparisons test was performed for the
statistical analysis. P < 0.05 was considered to be statistically significant.

Study approval. All mice used received humane care in compli-
ance with institutional animal care guidelines, and protocols were
approved by the local institutional committee. All protocols were
conducted in accordance with the Guide for the Care and Use of Lab-
oratory Animals (National Academies Press, 2011). All efforts were
made to minimize the number of mice used and their suffering.
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