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Abstract

Background & Aims: Transmembrane protein 173 (TMEM173 or STING) signaling by 

macrophage activates the type I interferon-mediated innate immune response. The innate immune 

response contributes to hepatic steatosis and non-alcoholic fatty liver disease (NAFLD). We 

investigated wither STING regulates diet-induced in hepatic steatosis, inflammation, and liver 

fibrosis in mice.

Methods: Mice with disruption of Tmem173 (STINGgt) on a C57BL/6J background, mice 

without disruption of this gene (controls), and mice with disruption of Tmem173 only in myeloid 

cells were fed a standard chow diet, a high-fat diet (HFD, 60% fat calories), or a methionine- and 

choline-deficient diet (MCD). Liver tissues were collected and analyzed by histology and 

immunohistochemistry. Bone marrow cells were isolated from mice, differentiated into 

macrophages, and incubated with DMXAA (an activator of STING) or cGAMP. Macrophages or 

their media were applied to mouse hepatocytes or human hepatic stellate cells (LX2) cells, which 

were analyzed for cytokine expression, protein phosphorylation, and fat deposition (oil red O 

staining following incubation with palmitate). We obtained liver tissues from patients with and 

without NAFLD and analyzed these by immunohistochemistry.

Results: Non-parenchymal cells of liver tissues from patients with NAFLD had higher levels of 

STING than liver tissues from patients without NAFLD. STINGgt mice and mice with disruption 

only in myeloid cells developed less severe hepatic steatosis, inflammation, and/or fibrosis 

following a HFD or MCD than control mice. Levels of phosphorylated JNK and p65 and the 

mRNAs encoding TNF, IL1B, and IL6 (markers of inflammation) were significantly lower in liver 

tissues from STINGgt mice vs control mice after a HFD or MCD. Transplantation of bone marrow 

cells from control mice to STINGgt mice restored the severity of steatosis and inflammation 

following a HFD. Macrophages from control, but not STINGgt mice, increased markers of 

inflammation in response to lipopolysaccharide and cGAMP. Hepatocytes and stellate cells co-

cultured with STINGgt macrophages in the presence of DMXAA, or incubated with the medium 

collected from these macrophages, had decreased fat deposition and markers of inflammation 

compared to hepatocytes incubated with control macrophages.

Conclusions: We found levels of STING to be increased in liver tissues from patients with 

NAFLD mice with HFD-induced steatosis. In mice, loss of STING from liver macrophages 

reduces the severity of fibrosis and the inflammatory response. STING might be a therapeutic 

target for NAFLD.

Graphical Abstract
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis 1, 2. Simple 

steatosis may be benign, but progresses to non-alcoholic steatohepatitis (NASH) when the 

liver displays overt inflammatory damage 1, 2. Epidemiological data indicate that NASH 

affects 1.5 to 6.45 percent of the general populations 3–5. Alarmingly, the incidence of 

NASH in both adults and children is rising continuously due to ongoing epidemics of 

obesity 4, 5. NASH is one of the most common causes of liver cirrhosis and hepatocellular 

carcinoma, ultimately leading to liver failure 6–9. To date, there is no effective treatment for 

NASH 2, 10, 11.

Over the past decade, accumulating evidence validates an essential role for innate immunity 

in the development of hepatic steatosis and NASH 12–15. As one of the most studied cell 

types in innate immunity, macrophages have drawn particular attention because macrophage 

proinflammatory activation is highly associated with hepatic steatosis and inflammation. 

When proinflammatory activation status increases, macrophages are capable of generating 

mediators that trigger or exacerbate hepatocyte inflammatory responses and fat metabolic 

dysregulation 14, 15. To date, a number of regulators such as Jun-N terminal kinase 1 (JNK1), 

Period (Per)1/Per2, and adenosine 2A receptor are shown to alter the inflammatory status of 

macrophages, which in turn interact with hepatocytes to protect against or contribute to 

hepatic steatosis and inflammation 14–16. These findings demonstrate the importance of the 

innate immune system, in particular macrophages, in pathophysiology of NAFLD. However, 

it remains largely unknown how regulators of innate immunity regulate hepatic metabolic, 

inflammatory, and fibrotic programs.

Transmembrane protein 173 (TMEM173) or stimulator of interferon genes (STING) is a 

signaling molecule whose activation elicits powerful type I interferon (IFN) immunity. Upon 

viral infection or endoplasmic reticulum (ER) stress, aberrant double-stranded DNA presents 

in cytosol and activates cyclic GMP-AMP (cGAMP) synthase (CGAS) to generate cGAMP. 

The latter activates STING and recruits STING to TANK-binding kinase 1 (TBK1), leading 

to activation of downstream signaling cascades involving interferon regulatory factor 3 

(IRF3) to enhance transcriptions of type I IFN genes 20, 21. This led to several recent studies 

to address how STING regulates liver injury induced by hepatitis B virus, carbon 
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tetrachloride (CCl4), and/or nutrition stress 22–24. Interestingly, the study by Thomsen et al. 

suggested that human and murine hepatocytes lack STING 22. In contrast, several other 

studies suggest that mouse hepatocytes express STING, whose activation exerts a pro-

apoptotic effect independent of inflammation 19, 25. The study by Cho et al. also pointed to 

the importance of TBK1 activation, by cGAS-STING pathway and other unknown 

mediators, in the development of NASH. However, the relevance of STING to human 

NAFLD/NASH has not been reported. Also, STING activation by exogenous cGAMP 

reveals differential effects on the proinflammatory responses of macrophages and 

hepatocytes 26. Given this, there is a critical need to elucidate the exact role for STING in 

the development and progression of NAFLD and liver fibrosis. The present study provides 

the primary evidence to support a deleterious role for STING in NAFLD and liver fibrosis, 

and this role of STING is likely mediated through enhancing macrophage proinflammatory 

activation.

MATERIALS AND METHODS

Animal experiments

Wild-type (WT) C57BL/6J and STING-disrupted (STINGgt) mice (C57BL/6J background) 

were obtained from Jackson Laboratory (Bar Harbor, ME). Chimeric mice in which STING 

was disrupted or intact only in myeloid cells were generated using bone marrow 

transplantation as described 14. Mice were maintained on 12:12-h light-dark cycles (lights on 

at 06:00) and fed standard chow-diet (CD), high-fat diet (HFD, 60% fat calories), low-fat 

diet (LFD, 10% fat calories), and/or methionine- and choline-deficient diet (MCD) as 

detailed in Supplementary Information (SI). All diets are products of Research Diets, Inc 

(New Brunswick, NJ). All study protocols were reviewed and approved by the Institutional 

Animal Care and Use Committee of Texas A&M University.

Human liver samples

Liver sections of human subjects were generated from donated tissues by Sekisui-XenoTech, 

LLC (Kansas City, KS, USA). Subjects with NAFLD revealed severe hepatic steatosis 

compared with subjects without NAFLD (44.7 ± 10.6% fat content vs. 1.7 ± 1.9 %, assessed 

by Sekisui-XenoTech and by a board-certified pathologist (Dr. Xiangbai Chen, Baylor Scott 

& White Health, College Station, TX 77845)). Because of using fixed human tissues that are 

commercially available, the current study was exempted from the Institutional Review Board 

(IRB) approval.

Cell culture and treatment

Bone marrow cells were isolated from STINGgt and WT mice and differentiated into 

macrophages (BMDM) 14. After differentiation, STINGgt and WT BMDM were treated with 

5,6-dimethylxanthenone-4-acetic acid (DMXAA, an STING activator) (75 µg/mL) 27 or 

cGAMP (20 µg/mL) 26 and subjected to collection of conditioned media and examination of 

IFNβ production and the proinflammatory activation 26. Some BMDM were trypsinized and 

added to primary mouse hepatocytes or LX2 cells (a cell line of human hepatic stellate cells, 

HSCs) at a 1:10 ratio for co-culture studies 15. Hepatocytes or LX2 cells were incubated 

with BMDM-conditioned media and assayed for hepatocyte fat deposition and inflammatory 
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responses or HSC activation status. To examine the direct effect of STING on HSC 

activation, some LX2 were treated with DMXAA (75 µg/mL) in the absence or presence of 

transforming growth factor β1 (TGFβ1) (8 ng/mL for 24hr or 2.5 ng/mL for 48hr). Details 

were provided in SI.

Histological, biochemical and molecular assays

Liver sections were used for histological and immunohistochemical assays. Plasma 

parameters were measured using metabolic assay kits and ELISA kits. Also, tissue and/or 

cell samples were prepared for selected assays including Western blots analysis, real-time 

PCR, and other assays detailed in SI.

Statistical Methods

Numeric data are presented as means ± SD (standard deviation). Statistical significance was 

determined using unpaired, two-tailed ANOVA or Student’s t tests. Differences were 

considered significant at the two-tailed P < 0.05.

RESULTS

NAFLD is coupled with increased liver signaling events downstream of STING

Activating STING recruits STING to TBK1 and activates TBK1 and IRF3 19, 28, 29. We 

analyzed the phosphorylation states of TBK1 and IRF3 in livers of WT C57BL/6J mice fed 

an HFD for 12 weeks. Upon HFD feeding, WT mice displayed obesity-associated NAFLD 

(Figure S1A-D). Additionally, the phosphorylation states of TBK1 and IRF3 in livers of 

HFD-fed WT mice were significantly higher than their respective levels in livers of LFD-fed 

mice (Figure S1E). These results validate that NAFLD is coupled with increased liver 

signaling events downstream of STING, and confirm that nutrition stress activates liver 

STING signaling pathway 26.

STING expression is increased in livers of human subjects with NAFLD

To address the relevance of STING to human NAFLD, we examined STING expression in 

liver sections of human subjects. Compared with control, liver sections of NAFLD patients 

revealed increased fat and collagen deposition indicated by H&E and Trichrome staining, 

respectively (Figure 1A, B), confirming hepatic steatosis and fibrosis. When STING 

expression was examined, the intensity of staining in liver sections of NAFLD patients was 

much stronger than that in subjects without NAFLD (Figure 1A, C). Also, most STING-

positive cells in liver sections of NAFLD patients were aggregated relative to those in 

control. Further analysis by Dr. X. Chen indicated that STING-positive cells were mainly 

immune cells including macrophages/Kupffer cells and endothelial cells (Figure 1A). 

However, human liver sections did not reveal STING-positive hepatocytes. These results 

suggest that, in humans, STING is expressed in non-parenchymal liver cells, mainly 

macrophage/Kupffer cells. Moreover, STING expression is increased in livers of human 

patients with NAFLD.
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STING disruption protects against HFD-induced NAFLD

We explored a role for STING in NAFLD using STINGgt and WT C57BL/6J mice. Under 

LFD-fed conditions, STINGgt mice did not differ significantly from WT mice in most 

parameters related to NAFLD and system metabolic homeostasis (Figure 2A-D; Figure S2). 

Upon HFD feeding for 12 weeks, WT mice, but not STINGgt mice, revealed overt NAFLD 

aspects. Specifically, STINGgt mice displayed a smaller gain in body weight compared with 

WT mice (Figure S2A). Body composition analysis indicated lower fat mass in HFD-

STINGgt mice than in HFD-WT mice (Figure S2A); although the values of respiratory 

quotient (RQ) in HFD-STINGgt mice did not differ significantly from those in HFD-WT 

mice (Figure S2B). Also, HFD-STINGgt mice did not display systemic insulin resistance 

and glucose intolerance as did HFD-WT mice (Figure S2C, D). When NAFLD aspects were 

examined, plasma levels of alanine aminotransferase (ALT) in HFD-STINGgt mice were 

lower than those in HFD-WT mice (Figure 2A). Also, HFD-STINGgt mice displayed 

significant decreases in liver weight and hepatic levels of triglycerides compared with HFD-

WT mice (Figure 2B, C). Consistently, HFD-STINGgt mice did not develop hepatic steatosis 

as did HFD-WT mice, indicated by H&E and/or oil red O staining of liver sections (Figure 

2D; Figure S2E). When liver inflammatory status was examined, liver sections of HFD-

STINGgt mice contained fewer F4/80-postivie cells (macrophages/Kupffer cells) compared 

with those of HFD-WT mice (Figure 2D). Moreover, the phosphorylation states of JNK p46 

and NF0κB p65 and the mRNA levels of tumor necrosis factor alpha (TNFα), interleukin 

(IL)-1β, and IL-6 in livers of HFD-STINGgt mice were significantly lower than their 

respective levels in livers of HFD-WT mice (Figure 2E, F). With regard to fat metabolic 

genes/enzymes, liver mRNA levels of lipogenic enzymes such as acetyl-CoA carboxylase 1 

(ACC1) and fatty acid synthase (FAS) in HFD-STINGgt mice also were significantly lower 

than their respective levels in HFD-WT mice (Figure 2F). These results, together with those 

presented in Figure 1, suggest that STING plays a detrimental role in NAFLD.

Myeloid cell-specific STING disruption decreases the severity of HFD-induced NAFLD

We sought to explore a role for the STING in macrophages in NAFLD using bone marrow 

transplantation (BMT), an approach that has been commonly used for altering macrophage 

gene expression 14, 30. We transplanted bone marrow cells of STINGgt mice and/or WT mice 

to lethally irradiated WT mice. Upon HFD feeding for 12 weeks, WT/BMT-STINGgt mice, 

in which STING was disrupted only in myeloid cells, and WT/BMT-WT, in which STING 

was intact in all cells, gained similar body weight and revealed similar body composition 

(Figure S3A, B). However, HFD-fed WT/BMT-STINGgt mice displayed decreased severity 

of insulin resistance and glucose intolerance compared with HFD-fed WT/BMT-WT mice 

(Figure S3C, D). When NAFLD aspects were analyzed, HFD-fed WT/BMT-STINGgt mice 

showed decreased levels of plasma ALT and hepatic triglycerides compared with HFD-fed 

WT/BMT-WT mice; although the mice displayed comparable liver weight (Figure 3A-C). 

Additionally, HFD-fed WT/BMT-STINGgt mice revealed decreased severity of hepatic 

steatosis compared with HFD-fed WT/BMT-WT mice, indicated by H&E staining of liver 

sections (Figure 3D). When liver inflammatory status was examined, liver sections of HFD-

fed WT/BMT-STINGgt mice contained fewer F4/80-positive cells than those of HFD-fed 

WT/BMT-WT mice (Figure 3D). FD-fed WT/BMT-STINGgt mice also revealed significant 

decreases in the phosphorylation states of JNK p46 and NFκB p65 and the mRNA levels of 

Luo et al. Page 6

Gastroenterology. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TNFα, IL-1β, and IL-6 compared with HFD-fed WT/BMT-WT mice (Figure 3E, F). 

Relative to those in HFD-fed WT/BMT-WT mice, liver mRNA levels of FAS in HFD-fed 

WT/BMT-STINGgt mice were significantly decreased (Figure 3F); although liver mRNA 

levels of ACC1, CPT1a, and sterol regulatory element-binding protein 1c (SREBP1c) were 

not significantly altered. These results suggest that STING disruption specifically in myeloid 

cells (macrophages) decreases the severity of HFD-induced NAFLD.

STING presence specifically in myeloid cells exacerbates HFD-induced NAFLD

To further validate a role for the STING in macrophages in regulating the pathogenesis of 

NAFLD, we transplanted bone marrow cells of WT and/or STINGgt mice to lethally 

irradiated STINGgt mice. Upon HFD feeding, STINGgt/BMT-WT, in which STING was 

intact only in myeloid cells, and STINGgt/BMT-STINGgt mice, in which STING was 

disrupted in all cells, gained similar body weight and revealed similar body composition 

(Figure S4A, B). However, HFD-fed STINGgt/BMT-WT mice displayed increased severity 

of insulin resistance and glucose intolerance compared with HFD-fed STINGgt/BMT-

STINGgt mice (Figure S4C, D). When NAFLD aspects were examined, HFD-fed STINGgt/

BMT-WT mice revealed a significant increase in hepatic levels of triglycerides compared 

with HFD-fed STINGgt/BMT-STINGgt mice; although HFD-fed STINGgt/BMT-WT mice 

showed insignificant increases in plasma levels of ALT and liver weight (Figure 4A-C). 

Indicated by H&E staining of liver sections, HFD-fed STINGgt/BMT-WT mice revealed 

increased severity of hepatic steatosis compared with HFD-fed STINGgt/BMT-STINGgt 

mice (Figure 4D). Also, liver sections of HFD-fed STINGgt/BMT-WT mice contained 

significantly more F4/80-positive cells compared with those of HFD-fed STINGgt/BMT-

STINGgt mice (Figure 4D). Consistently, livers of HFD-fed STINGgt/BMT-WT mice 

revealed significant increases in the phosphorylation states of JNK p46 and NFκB p65 and 

the mRNA levels of TNFα and IL-1β compared with those of HFD-fed STINGgt/BMT-

STINGgt mice (Figure 4E, F). Relative to those in HFD-fed STINGgt/BMT-STINGgt mice, 

liver mRNA levels of FAS in HFD-fed STINGgt/BMT-WT mice were significantly increased 

(Figure 4F); although liver mRNA levels of ACC1, CPT1a, and SREBP1c were not 

significantly altered. These results suggest that STING presented only in myeloid cells 

(macrophages) triggers or exacerbates HFD-induced NAFLD. In combination, the results in 

Figures 3 and 4 strongly demonstrated a deleterious role for the STING in macrophages in 

the pathogenesis of NAFLD.

STING-driven macrophage factors enhance hepatocyte fat deposition and proinflammatory 
responses

To recapitulate our in vivo findings and gain mechanistic insights, we sought to validate 

STING regulation of macrophage activation and examine whether and how macrophage 

factors generated in response to STING activation or disruption regulate hepatocyte 

responses. In WT BMDM, cGAMP treatment caused a significant increase in LPS-induced 

phosphorylation states of JNK p46 (Figure S5A), confirming our previous finding 26. 

Strikingly, in STINGgt BMDM, cGAMP treatment caused significant decreases in LPS-

induced phosphorylation states of JNK p46 and in the mRNA levels of TNFα, IL-1β, and/or 

IL-6 under both basal and LPS-stimulated conditions (Figure S5B, C), indicating an 

essential role for STING in regulating macrophage activation. Next, we treated BMDM with 
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DMXAA to activate STING 27. As expected, WT BMDM, but not STINGgt BMDM, 

revealed significantly increased production of IFNβ and phosphorylation states of JNK p46 

and NFκB p65 (Figure 5A, B), validating that STING activation enhances proinflammatory 

responses of WT macrophages. These data are consistent with previous findings 31, which 

suggest that the proinflammatory effects of DMXAA are STING-dependent. Upon further 

analyses of macrophage polarization, we demonstrated that 15 STING disruption decreased 

macrophage proinflammatory activation, and exhibited marginal effects on macrophage 

alternative (M2) activation (Figure S6).

Next, we performed macrophage-hepatocyte co-cultures to examine whether STING 

facilitates macrophage generation of factors to promote NAFLD aspects. Palmitate-induced 

hepatocyte fat deposition in DMXAA-treated co-cultures of WT BMDM and hepatocytes 

was much greater than that in DMXAA-treated hepatocytes (without BMDM) (Figure 5C). 

This increase in hepatocyte fat deposition, however, was not observed in DMXAA-treated 

co-cultures of STINGgt BMDM and hepatocytes. We also incubated WT primary 

hepatocytes with macrophage-conditioned media (CM). When proinflammatory responses 

were analyzed, hepatocytes incubated with the CM of DMXAA-treated WT BMDM 

(DMX/WT BMDM-CM) displayed significant increases in LPS-stimulated phosphorylation 

states of JNK p46 and in the mRNA levels of TNFα, IL-1β, and/or IL-6 under both basal 

and LPS-stimulated conditions compared with hepatocytes incubated with the CM of 

control-treated WT BMDM (Ctrl/WT BMDM-CM) (Figure 5D, E). Of note, hepatocytes 

incubated with the CM of DMXAA-treated STINGgt BMDM (DMX/STINGgt BMDM-CM) 

revealed significantly decreased phosphorylation states of JNK p46 and NFκB p65 and 

mRNA levels of TNFα, IL-1β, and/or IL-6 under both basal and LPS-stimulated conditions 

compared with hepatocytes incubated with DMX/WT BMDM-CM (Figure 5D, E). With 

regard to the expression of fat metabolic genes/enzymes, hepatocytes incubated with 

DMX/WT BMDM-CM revealed significantly increased mRNA levels of ACC1, FAS, and 

SREBP1c compared with hepatocytes incubated with Ctrl/WT BMDM-CM (Figure 5F). 

These increases, however, were not observed in hepatocytes incubated with DMX/STINGgt 

BMDM-CM. Similar changes were observed in the mRNAs of TGFβ1 and fibronectin (Fn) 

(Figure 5F), which are mediators favoring liver fibrosis. Together, these results suggest that 

STING activation enables macrophages to generate factors that are capable of enhancing 

hepatocyte fat deposition and proinflammatory responses.

STING disruption decreases the severity of MCD-induced liver inflammation and fibrosis

NASH is the advanced form of NAFLD. We validated that liver TBK1 phosphorylation was 

increased in livers of MCD-fed mice (Figure S7). Next, we examined the effects of STING 

disruption on MCD-induced steatohepatitis and liver fibrosis. When fed a chow-diet, 

STINGgt mice did not differ significantly from WT mice in body weight, liver weight, and 

hepatic levels of triglycerides; although STINGgt mice revealed decreased phosphorylation 

states in liver JNK p46 and NFκB p65 (Figure S8). Upon MCD feeding, WT mice displayed 

overt hepatic steatosis and inflammation (Figures S7, S8). However, plasma levels of ALT, 

liver weight, and hepatic levels of triglycerides in MCD-STINGgt mice were significantly 

lower than their respective levels in MCD-WT mice (Figure 6A-C). Consistently, the 

severity of hepatic steatosis in MCD-STINGgt mice was significantly lighter than in MCD-
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WT mice (Figure 6D). When stained for F4/80 expression, liver sections of MCD-WT mice 

revealed lots of F4/80-postivie cells, many of which were aggregated. However, liver 

sections of MCD-STINGgt mice contained significantly fewer aggregated F4/80-postivie 

cells (Figure 6D). Consistently, the phosphorylation states of JNK p46 and NFκB p65 and 

the mRNA levels of IL-1β in MCD-STINGgt mice were much lower than their respective 

levels in MCD-WT mice (Figure 6E, F). When liver fibrosis was t analyzed, liver sections of 

MCD-STING mice contained much lesser collagen compared with those of MCD-WT mice 

(Figure 6D). Also, hepatic protein content of α-smooth muscle actin significantly lower than 

their respective levels in MCD-WT mice (Figure 6E, F). These results suggest that STING 

disruption decreases the severity of MCD-induced NASH.

STING enhances the activation of hepatic stellate cells (HSCs)

To gain insights of STING regulation of NASH, we examined the direct effects of altering 

STING signaling on HSC activation. In LX2 cells, treatment with DMXAA in the presence 

of TGFβ1 significantly increased the phosphorylation states of p38 and protein amount of 

αSMA (Figure 7A, B). Additionally, DMXAA treatment significantly increased the mRNA 

levels of fibrogenic genes including Col1a1, αSMA, Fn, and TGFβ1 (Figure 7C). DMXAA 

treatment also caused an unexpected increase in PPARγ mRNAs, which may be a counter-

regulatory response. In contrast, treatment with MRT67307, an inhibitor of TBK1, 

significantly decreased the effect of TGFβ1 on stimulating p38 phosphorylation (Figure S9). 

These results suggest a detrimental role for STING in promoting HSC activation.

Since NASH was characterized by massive macrophage aggregation (Figures S7B), we 

sought to examine whether STING-driven macrophage factors alter HSC activation. WT 

BMDM and STINGgt BMDM were pre-treated with DMXAA or control for 24 hr, 

trypsinized, and added to LX2 cells for 48 hr. In LX2 cells co-cultured with control-treated 

WT BMDM (Ctrl/WT BMDM), TGFβ1 treatment caused significant increases in p38 

phosphorylation states and αSMA amount, indicating increased HSC activation. These 

effects of TGFβ1 were significantly enhanced in LX2 cells co-cultured with DMXAA-

treated WT BMDM (DMX/WT BMDM), but not in LX2 cells co-cultured with DMXAA-

treated STINGgt BMDM (DMX/STINGgt BMDM) (Figure 7D). Next, we incubated LX2 

cells with macrophage-CM and examined HSC gene expression. The mRNA levels of 

Col1a1, Fn, and TGFβ1 in LX2 cells incubated with DMX/WT BMDM-CM were 

significantly higher than their respective levels in LX2 cells incubated with Ctrl/WT 

BMDM-CM (Figure 7E). However, the mRNA levels of Col1a1, Fn, and TGFβ1 in LX2 

cells incubated with DMX/STINGgt BMDM-CM were lower than their respective levels in 

LX2 cells incubated with DMX/WT BMDM-CM, and comparable with their respective 

levels in LX2 cells incubated with Ctrl/WT BMDM-CM. Together, these results suggest that 

macrophage factors generated in response to STING activation enhance HSC activation.

DISCUSSION

STING is a powerful regulator of innate immunity 17, 20, 21. In the present study, we 

validated in both animals and human subjects that liver STING is associated with hepatic 

steatosis and inflammation. Using various mouse models of NAFLD, we further validated 
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that STING plays a deleterious role in NAFLD. Notably, the STING found in myeloid cells 

(macrophages) is needed and sufficient for nutrition stress, e.g., HFD or MCD feeding, to 

trigger or exacerbate NAFLD/NASH aspects in mice. Mechanistically, STING activation 

markedly increases macrophage proinflammatory status, which in turn increases hepatocyte 

fat deposition and proinflammatory responses and enhances HSC activation. Therefore, we 

provided compelling evidence to demonstrate that STING plays a deleterious role in 

NAFLD through enhancing macrophage proinflammatory activation.

We have previously shown that HFD-fed WT mice display overt hepatic steatosis and 

inflammation compared with control mice 15. In this model of NAFLD, we observed an 

increase n the phosphorylation states of liver TBK1 and IRF3, indicating increased signaling 

events downstream of STING. Similarly, we observed increased liver TBK1 phosphorylation 

in MCD-fed WT mice (a model of NASH), which was accompanied with increased liver 

proinflammatory status including massive macrophage aggregations. These results validated 

a link between STING signaling and NAFLD/NASH. Using liver sections of human subjects 

with NAFLD, we further validated the relevance of increased STING expression to human 

NAFLD. As such, we postulated a deleterious role for STING in NAFLD/NASH. In other 

words, we expected STING disruption to be protective and we found this to be true. In the 

present study, STING-disrupted mice were protected from HFD-induced NAFLD and 

revealed decreased severity of MCD-induced NASH compared with control mice. With 

regard to NAFLD/NASH pathogenesis, both hepatocytes and macrophages critically 

determine the development and progression of hepatic steatosis and inflammation 
15, 16, 30, 32. Considering this, STING found in either hepatocytes or macrophages could 

contribute to NAFLD/NASH. However, the study by Thomsen et al. indicated that human 

and murine hepatocytes are lack of STING 22; although other studies suggest that mouse 

hepatocytes express STING 19, 23. We confirmed that STING is not present in human 

hepatocytes, but expressed at high abundance in hepatic non-parenchymal cells. Because of 

this, to address a role for STING in macrophages is more relevant to human disease, e.g., 

NAFLD.

We provided two lines of evidence from chimeric mice to support a deleterious role for the 

STING in myeloid cells in the pathogenesis of NAFLD. In our loss-of-function study, 

chimeric mice whose STING was disrupted specifically in myeloid cells revealed decreased 

severity of HFD-induced hepatic steatosis and inflammation compared with mice whose 

STING was intact in all cells. In contrast, in our gain-of-function study, chimeric mice 

which had intact STING specifically in myeloid cells displayed increased severity of HFD-

induced NAFLD aspects compared with chimeric mice whose STING was disrupted in all 

cells. These complementary results suggest that macrophage-specific STING is required, 

and is enough to generate factors that act on other liver cells, in particular hepatocytes, to 

promote hepatocyte fat deposition and enhance hepatocyte proinflammatory responses. 

Moreover, HFD-induced NAFLD aspects in chimeric mice whose STING was disrupted 

only in myeloid cells were similar to those in chimeric mice whose STING was disrupted in 

all cells whereas HFD-induced NAFLD aspects in chimeric mice whose STING was intact 

only in myeloid cells were similar to those in chimeric mice whose STING was intact in all 

cells. This implicates a greater contribution from macrophage-specific STING during 

NAFLD than from the STING found in other cells. As substantial evidence, treatment with 
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cGAMP or DMXAA significantly enhanced the effect of LPS on stimulating the 

proinflammatory activation of WT macrophages, but not STINGgt macrophages. More 

importantly, when co-cultured with primary mouse hepatocytes, DMXAA-treated WT 

macrophages, but not DMXAA-treated STINGgt macrophages, caused a significant increase 

in the degree of palmitate-induced hepatocyte fat deposition. Upon treating hepatocytes with 

macrophage-conditioned media, we also verified that STING-driven macrophage factors 

enhanced hepatocyte proinflammatory responses. In support of this, hepatocytes incubated 

with conditioned media of DMXAA-treated WT macrophages displayed significant 

increases in LPS-induced phosphorylation of JNK p46 and mRNA levels of TNFα, IL-1β, 

and IL-6 compared with hepatocytes incubated conditioned media of control-treated WT 

macrophages. These increases, however, were not observed in hepatocytes incubated with 

conditioned media of DMXAA-treated STINGgt macrophages, suggesting that STING 

disruption blunted the effect of DMXAA to drive macrophage production of factors that 

could enhance hepatocyte proinflammatory responses. Because of this, it is conceivable that 

STING-driven macrophage factors act to increase hepatocyte fat deposition and 

proinflammatory responses, thereby accounting for the development and progression of 

hepatic steatosis and inflammation.

Inflammation is key to drive NAFLD to NASH which is featured by inflammatory damage 

and liver fibrosis 16, 33. In the present study, we also validated a deleterious role for STING 

in steatohepatitis and liver fibrosis. As supporting evidence, the levels of plasma ALT and 

hepatic triglycerides in MCD-STINGgt mice were significantly lower than their respective 

levels in MCD-WT mice. Additionally, the severity of liver proinflammatory responses, as 

well as liver deposition of collagen and amount/expression of αSMA, Col1a1, and Fn in 

MCD-STINGgt were much lower their respective levels in MCD-WT mice. These results are 

in agreement with the report that STING disruption protected mice from CCl4-induced liver 

fibrosis 23. The study by Iracheta-Vellve et al., however, attributed the development of CCl4-

induced liver fibrosis to STING-mediated activation of hepatocellular death pathways. This 

appeared to not have human relevance because STING is not present in human hepatocytes. 

We argue that the STING found in cells other than hepatocytes appears to trigger or 

exacerbate liver fibrotic program. Indeed, we validated that STING activation directly 

activates HSCs evidenced by the finding that treatment with DMXAA caused significant 

increases in TGFβ1-stimulated phosphorylation states of p38 and amount of αSMΑ in LX2 

cells. This suggests the involvement of the STING in HSCs in MCD-induced liver fibrosis, 

unlike in CCl4-induced model where CCl4 did not alter STING signaling in HSCs. More 

importantly, we further validated that the STING in macrophages acted through a paracrine 

manner to regulate HSC activation. As supporting evidence, treatment of LX2 cells with 

conditioned media of DMXAA-treated WT macrophages, but not conditioned media of 

DMXAA-treated STINGgt macrophages, significantly increased p38 phosphorylation, 

αSMA amount, and the mRNA levels of αSMA, Col1a1, and Fn, which are indicative of 

HSC activation. At this point, it is not clear of the proportional contributions of the STING 

in HSC vs. macrophages in regulating HSC activation. Considering that livers of MCD-fed 

WT mice contained massive aggregations of macrophages/Kupffer cells, we argue a more 

important role for the STING in macrophages in pathogenesis of liver fibrosis through 

paracrine mechanisms to activate HSCs.
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STING disruption also decreased HFD-induced insulin resistance, which contributes to 

NAFLD pathogenesis. To date, there is no available evidence indicating direct interactions 

between STING and the components of insulin signaling pathway. While addressing the 

effects of disrupting STING (in endothelial cells) and/or signaling molecules downstream of 

STING on regulating systemic insulin sensitivity 29, 34, 35, limited studies have suggested 

that STING-TBK1-IRF3 pathway(s) act through inflammatory mechanisms to impair insulin 

signaling. Given this, STING disruption likely acts through suppressing inflammation to 

improve insulin sensitivity.

In summary, we established a link between STING and NAFLD/NASH in both mouse 

models and human patients’ samples. Specifically, we showed increased liver signaling 

events downstream of STING in a mouse model of NAFLD, and revealed, for the first time, 

that STING expression is increased in hepatic non-parenchymal cells of human patients with 

NAFLD. We further demonstrated that STING plays a deleterious role in NAFLD/NASH 

and this role was achieved through enhancing macrophage proinflammatory activation. 

Therefore, targeting STING to inhibiting macrophage proinflammatory activation is a viable 

therapeutic or preventive approach for the management of NAFLD/NASH.
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Abbreviations

ACC1 acetyl-CoA carboxylase 1

ALD alcoholic fatty liver disease

αSMA α-smooth muscle actin

BMDM bone marrow-derived macrophages

BSA bovine serum albumin

CD chow diet

Col1a1 collagen Type I alpha 1

CPT1a carnitine palmitoyltransferase1a

DMEM Dulbecco’s modified Eagle’s medium
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DMXAA 5,6-dimethylxanthenone-4-acetic acid

FAS fatty acid synthase

FBS fetal bovine serum

FFA free fatty acids

FN fibronectin

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GTT glucose tolerance test

H&E hematoxylin and eosin

HFD high-fat diet

HSCs hepatic stellate cells

LFD low-fat diet

IFNβ interferon beta

IL-1β interleukin 1β

IL-4 interleukin 4

IL-6 interleukin 6

IMDM Iscove’s Modified Dulbecco’s medium

ITT insulin tolerance test

LPS lipopolysaccharide

IRF3 interferon regulatory factor 3

JNK c-Jun N-terminal kinases

MCD methionine- and choline-deficient diet

MMP2 matrix metallopeptidase 2

NAFLD non-alcoholic fatty liver disease

NFκB nuclear factor kappa B

NASH non-alcoholic steatohepatitis

Pp65 phosphorylated p65 subunit of NFκB

Pp46 phosphorylated JNK1 (p46)

PPARγ peroxisome proliferator-activated receptor gamma

RQ respiratory quotient
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SREBP1c sterol regulatory element-binding protein 1c

STING stimulator of interferon genes

TBK1 TANK-binding kinase 1

TG triglycerides

TNFα tumor necrosis factor α

TGFβ1 transforming growth factor β1
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Figure 1. STING expression is increased in livers of human patients with NAFLD
(A) Liver sections of NAFLD patients (bottom two rows) and human subjects without 

NAFLD (Control, top row) were stained with H&E (the very left column) and Trichrome 

(the second left column), and examined for STING expression (the right three columns). (B) 

Degrees of hepatic steatosis. (C) STING abundance in liver sections. AU, arbitrary unit. For 

bar graphs, data are means ± SD. n = 6 – 8. ***, P < 0.001 NAFLD vs. Control.
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Figure 2. STING disruption protects against HFD-induced NAFLD
Male STING-disrupted (STINGgt) mice and WT mice, at 5 – 6 weeks of age, were fed an 

LFD or HFD for 12 weeks. (A) Plasma levels of alanine aminotransferase (ALT). (B) Liver 

weight. (C) Liver levels of triglycerides. (D) Liver sections were stained with H&E (left 

column) or for F4/80 expression (right two columns). Bar graph, percentages of 

macrophages. (E) Liver lysates were examined for inflammatory signaling using Western 

blot analysis. Bar graphs, quantification of blots. (F) Liver mRNA levels were examined 

using real-time RT-PCR. For all bar graphs, data are means ± SD. n = 10 – 12. ‡, P < 0.05 

and ‡‡, P < 0.01 HFD-WT vs. LFD-WT in A - C, and E; *, P < 0.05 and **, P < 0.01 HFD-

STINGgt vs. HFD-WT (in A - E) for the same gene (in F).
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Figure 3. Myeloid cell-specific STING disruption decreases the severity of HFD-induced NAFLD
Male WT C57BL/6J mice, at 5 – 6 weeks of age, were lethally irradiated and transplanted 

with bone marrow cells from STINGgt and/or WT mice. After recovery for 4 weeks, the 

chimeric mice were fed an HFD for 12 weeks. (A) Plasma levels of ALT. (B) Liver weight. 

(C) Liver levels of triglycerides. (D) Liver sections were stained with H&E (top row) or for 

F4/80 expression (bottom two rows). Bar graph, percentages of macrophages. (E) Liver 

lysates were examined for proinflammatory signaling using Western blot analysis. Bar 

graphs, quantification of blots. (F) Liver mRNA levels were examined using real-time RT-

PCR. For A - F, WT/BMT-STINGgt, WT mice received STINGgt bone marrow cells; WT/

BMT-WT, WT mice received WT bone marrow cells. For all bar graphs, data are means ± 

SD. n = 8 – 10. *, P < 0.05 and **, P < 0.01 WT/BMT-STINGgt vs. WT/BMT-WT (in A, 

and C- E) for the same gene (in F).
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Figure 4. STING presence only in myeloid cells exacerbates HFD-induced NAFLD
Male STINGgt mice, at 5 – 6 weeks of age, were lethally irradiated and transplanted with 

bone marrow cells from WT and/or STINGgt mice. After recovery for 4 weeks, the chimeric 

mice were fed an HFD for 12 weeks. (A) Plasma levels of ALT. (B) Liver weight. (C) Liver 

levels of triglycerides. (D) Liver sections were stained with H&E (top row) or for F4/80 

expression (bottom two rows). Bar graph, percentages of macrophages. (E) Liver lysates 

were examined for proinflammatory signaling using Western blot analysis. Bar graphs, 

quantification of blots. (F) Liver mRNA levels were examined using real-time RT-PCR. For 

A - F, STINGgt/BMT-WT, STINGgt mice received WT bone marrow cells; STINGgt/BMT-

STINGgt, STINGgt mice received STINGgt bone marrow cells. For all bar graphs, data are 

means ± SD. n = 10 – 12. *, P < 0.05 and **, P < 0.01 STINGgt/BMT-WT vs. STINGgt/

BMT-STINGgt (in C - E) for the same gene (in F).
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Figure 5. STING enables macrophages to generate factors that promote hepatocyte fat 
deposition and proinflammatory responses
Macrophages and primary hepatocyte were prepared from male STINGgt mice and WT 

C57BL/6J mice as described in Methods. (A) Macrophage interferon beta (IFNβ) 

production. Bone marrow-derived macrophages (BMDM) were treated with DMXAA (75 

µg/mL) or control (Ctrl, 7.5% NaHCO3) for 6 hr. BMDM-conditioned media were examined 

for IFNβ levels. (B) Macrophage proinflammatory signaling. BMDM were treated with or 

without DMXAA (75 µg/mL) for 24 hr in the absence or presence of LPS (100 ng/mL) for 

the last 30 min. (C) Hepatocyte fat deposition of co-cultures. Primary hepatocytes were 

incubated in the absence of macrophages or co-cultured with BMDM from WT or STINGgt 

mice for 48 hr, and treated with DMXAA (75 µg/mL) or control in the presence of palm itate 

(250 µM) for the last 24 hr. Prior to harvest, hepatocytes or co-cultures were stained with oil 

red O for 1 hr. Bar graph, quantification of fat content. (D, E, F) Macrophage factors 

regulation of hepatocyte proinflammatory responses and gene expression. Conditioned 

media (CM) were collected from DMXAA (DMX)-treated WT BMDM, DMX-treated 

STINGgt BMDM, and Ctrl-treated WT BMDM (described in B) and designated as 

DMX/WT BMDM-CM, DMX/STINGgt BMDM-CM, and Ctrl/WT BMDM-CM, 

respectively. CM were mixed with fresh media at a 1:1 ratio and supplemented to 

hepatocytes for 48 hr. Prior to harvest, CM-incubated hepatocytes were treated with or 
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without LPS (100 ng/mL) for 30 min (D) or LPS (20 ng/mL) for 6 hr (E). For B and D, cell 

lysates were examined for proinflammatory signaling using Western blot analysis. Bar 

graphs, quantification of blots. For E and F, the mRNA levels were examined using real-time 

RT-PCR. For bar graphs in A - F, data are means ± SD. n = 6 – 8 (A, E, and F) or 4 – 6 (B, 

C, and D). *, P < 0.05, **, P < 0.01, and ***, P < 0.001 STINGgt vs. WT with the same 

treatment (Ctrl or DMXAA in A and C; Ctrl/LPS or DMX/LPS in B) or DMX/STINGgt 

BMDM-CM vs. DMX/WT BMDM-CM under the same condition (PBS or LPS in D) or for 

the same gene (in E and F); †, P < 0.05, ††, P < 0.01, and †††, P < 0.001 DMXAA vs. Ctrl (in 

A and C) or DMX/LPS vs. Ctrl/LPS (in B) within the same genotype, or DMX/WT BMDM-

CM vs. Ctrl/WT BMDM-CM under LPS-stimulated condition (in D) or for the same gene 

(in E and F); ‡‡, P < 0.01 hepatocytes co-cultured with WT BMDM vs. hepatocytes alone in 

the presence of DMXAA (in C).
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Figure 6. STING disruption decreases the severity of MCD-induced NASH
Male STINGgt mice and WT C57BL/6J mice, at 11 – 12 weeks of age, were fed an MCD for 

5 weeks. (A) Plasma levels of ALT. (B) Liver weight. (C) Liver levels of triglycerides. (D) 

Liver sections were stained with H&E (top row), for F4/80 expression (middle two rows), or 

with Trichrome (bottom row). Bar graph, percentages of macrophages. (E) Liver lysates 

were examined for inflammatory signaling and αSMA amount using Western blot analysis. 

Bar graphs, quantification of blots. (F) Hepatic expression of genes related to fibrosis was 

examined using real-time RT-PCR. MMP2, matrix metalloproteinase 2. For bar graphs in A 

- F, data are means ± SD. n = 8 – 10 (A - D) or 6 – 8 (E and F)., P < 0.05 and, P < 0.01 

MCD-STINGgt vs MCD-WT (in A - E) for the same gene (in F).
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Figure 7. STING increases HSC activation status and enables macrophage factors to enhance 
HSC activation (A, B, C)
Activating STING enhances HSC activation. For A - C, LX2 cells were treated with or 

without DMXAA (75 µg/mL) in the absence or presence of TGFβ1 (8 ng/mL) for 24 hr (A 

and C (top panel)) or TGFβ1 (2.5 ng/mL) for 48 hr (B and C (bottom panel)). (D, E) 

STING-driven macrophage factors enhance HSC activation. For D, LX2 cells were co-

cultured with STINGgt BMDM and/or WT BMDM that were pre-treated with DMXAA (75 

µg/mL) or Ctrl for 24 hr. The co-cultures were incubated for 48 hr in the absence or presence 

of TGFβ1 (2.5 ng/mL). For E, LX2 cells were treated with conditioned media (CM) of 

DMXAA (DMX)- or Ctrl-treated WT BMDM and/or STINGgt BMDM for 48 hr. For A, B, 

and D, cell lysates were subjected to Western blot analysis. Bar graphs, quantification of 

blots. For C and E, the expression of fibrogenic genes was examined using real-time RT-

PCR. For bar graphs in A - E, data are means SD. n = 4 – 6 (A, B, and D) or 6 – 8 (C and E). 

*, P < 0.05 and **, P < 0.01 DMXAA vs. Control (Ctrl) under the same condition (in A and 

B) or for the same gene (in C), co-cultures with DMX/WT BMDM vs. co-cultures with 

Ctrl/WT BMDM under the same condition (in D), or DMX/WT BMDM-CM-treated HSCs 

vs. Ctrl/WT BMDM-CM-treated HSCs for the same gene (in E); †, P < 0.05 and ††, P < 0.01 

TGFβ1 vs. Ctrl with the same treatment (in A, B, and D); ‡, P < 0.05 DMX/STINGgt 

BMDM-CM-treated HSCs vs. DMX/WT BMDM-CM-treated HSCs under TGFβ1-

stimulated condition (in D) or for the same gene (in E).
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