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Abstract
Alcohol metabolism causes hepatocytes to release damage-associated molecular
patterns (DAMPs). This includes mitochondrial DNA (mtDNA), which is generated
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model remain poorly understood. We demonstrated that STING is upregulated in the
Gao binge ethanol model. STING functions as an mtDNA sensor in the Kupffer cells
of the liver and induces STING-signaling pathway-dependent inflammation and
further aggravates hepatocyte apoptosis in the Gao binge ethanol model. This study
provides novel insights into predicting disease progression and developing targeted

therapies for alcoholic liver injury.
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1 | INTRODUCTION lipopolysaccharide into the portal circulation and trigger in-
flammatory responses. But in recent years, research has found that
Chronic alcohol consumption and alcoholic liver injury are major sterile inflammation caused by various stimuli induces alcoholic liver

causes of mortality and morbidity worldwide and impose a sub- injury (Shim et al., 2020). It has been reported that the levels of serum

stantial socioeconomic burden (Shim et al., 2020; Stickel et al., 2017).
Alcoholic liver injury is a leading cause of chronic liver disease, and
has various manifestations, including simple steatosis, hepatitis, and
end-stage fibrosis or cirrhosis associated with hepatocellular carci-
noma (Bennett et al.,, 2019; Grabherr et al.,, 2018). Alcohol intake

induces the increase of intestinal permeability which lead to

microparticle mitochondrial DNA (mtDNA) are elevated and posi-
tively correlated with those of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) in ALD patients (Cai et al., 2017).
Chronic-plus-binge ethanol intake activates hepatocytes mtDNA re-
lease in patients with alcohol use disorder and in chronically ethanol

fed mice (Ma et al,, 2020). Damage-associated molecular patterns
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(DAMPs) including mtDNA play a critical role in inducing de novo
lipogenesis and inflammation through the activation of cellular pat-
tern recognition receptors such as STING (Abe & Barber, 2014).
STING, encoded by TMEM173, is also known as transmembrane
protein 173, N-terminal methionine-prolinetyrosine-serine plasma
membrane tetra-spanner (Barber, 2014; Woo et al., 2014). It is an innate
immune sensor of cytoplasmic double stranded DNA and is highly ex-
pressed in immunoregulation-related tissues and cells (Bai & Liu, 2019).
Tang et al. reported that the activation of STING triggers apoptosis in
mgnant B cells (Tang et al., 2016). Obesity promotes mtDNA release
into the cytosol, where it triggers inflammatory responses by activating
the DNA-sensing cGAS-cGAMP-STING pathway (Bai et al., 2017). There
was a strong correlation between STING expression and upregulation of
other proinflammatory genes associated with the senescence-
associated secretory phenotype, which favors NF-kB as the pre-
dominant pathway downstream of STING in cancer (Z. Dou et al., 2017).
The above research shows that STING can promote tumor apoptosis
and stimulate the production of inflammatory mediators. In this study,
we found that STING was increased in the Gao binge ethanol model.
As STING is a sensor of mtDNA, we reasoned that mtDNA may be
required to trigger liver injury of the alcoholic liver injury. We, therefore,
set out to uncover the functional role of STING in the Gao binge ethanol
model. It was reported that activated STING induces genes, including
proinflammatory genes, through the STING-TBK1-IRF3/NF-«kB path-
way, which could be applied into the treatment of infection and tu-
morigenesis (Liu et al., 2021). Under stimulation, STING dimer traffic
from the Endoplasmic reticulum to the Golgi complex for recruitment of
TBK1 protein. TBK1 translocates phosphorylated IRF3 and NF-kB to the
nucleus, where immune signals are rapidly amplified by IRF3 and NF-kB
pathway (Chen et al., 2016). Furthermore, we hypothesized that STING
might influence aseptic inflammation through IRF3/NF-kB pathways.

2 | MATERIALS AND METHODS

2.1 | Animal treatment

Male C57BL/6J mice (aged 6-8 weeks, weighing 18-22 g), procured
from the Laboratory Animal Center of Anhui Medical University, were
approved by the Institutional Animal Experimental Ethics Committee.
The mice were housed in a temperature-controlled room (22°C). The
mice were randomly divided into CD-treated and EtOH-treated
groups (six mice per group). The Gao binge ethanol model of alcoholic
liver injury was established as per the guidelines of the National In-
stitute on Alcohol Abuse and Alcoholism (Bertola et al., 2013). All
mice were acclimatized for 3 days before experiments. The estab-
lishment of the model required a total of 16 days including the
adaptation period during which the mice were administered a liquid
diet for 3 days and a control diet (CD) comprising ethanol for 13 d to
establish the mouse model. The ethyl alcohol (EtOH)-fed mice were
administered a 5% v/v ethanol liquid diet containing certain choline
and vitamins and gavaged with a single binge dose of ethanol (5 g/kg,
30% ethanol) on the last day. Meanwhile, the CD-fed mice were

administered control liquid diets fortified with certain choline/vita-
mins and gavaged with isocaloric maltose-dextrin on the last day. All
diets were freshly prepared every day. The mice were exsanguinated
under anesthesia by inhalation of 5% isoflurane at room temperature,
9 h after the last gavage. The liver tissues and blood from these mice
were collected for further analysis, and liver macrophages were iso-
lated. rAAV8-GFP-STING and rAAV8-GFP-empty were procured
from Hanbio Biotechnology Co., Ltd. (HY20190921WY-AAV01) and
injected via the tail vein as previously described (Nakai et al., 1999).
The WT mice were treated with the activator of mouse STING
(DMXAA; Selleck), 25mg/kg/2 days, intraperitoneally [IP]) (Yu
et al., 2019). Each in vivo experiment was independently replicated at
least three times. The small interfering RNA (siRNA) sequence and
short hairpin RNA (shRNA) sequence of Virus vector are as follows:

siRNA sequence: GACTCCTCATCAGTGGTATGGATCA

shRNA sequence:

Top strand: GATCCGACTCCTCATCAGTGGTATGGATCATTCAA
GAGATGATCCATACCACTGATGAGGAGTCTTTTTTA

Bottom strand: CGCGTAAAAAAGACTCCTCATCAGTGGTATGG
ATCATCTCTTGAATGATCCATACCACTGATGAGGAGTCG.

2.2 | Isolation of liver Kupffer cells (KCs) and
primary hepatocytes

Liver KCs were extracted according to a previously published pro-
tocol (Holt et al., 2008) involving in situ perfusion by Collagenase IV
followed by differential centrifugation based on a density gradient.
Briefly, a 20-g catheter was inserted through the mouse portal vein,
and the inferior vena cava was then cut under anesthesia. The liver
was perfused with the perfusion buffer (PB) containing NaCl, KClI,
NaOH, and HEPES in H,O followed by perfusion with a digestion
buffer comprising 1x PBC, collagenase IV, pronase E, and CaCl,. After
complete digestion, the liver was buffered with PB for 5 min and then
stripped and mashed in BSA solution. The liver cells were filtered
through a 200-mesh sieve strainer. Macrophages were isolated using
25% Percoll and 50% Percoll. The isolated cells were washed with
BSA and transferred to a culture flask containing 5ml Dulbecco's
modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS).
Non-adherent cells and culture medium were discarded after the liver
macrophages had adhered to the flask surface for 40 min. Finally,
TRIzol® or protein cracking liquid was added to each group of iso-
lated cells to extract RNA and protein for the next experiment. In vivo
isolation of primary hepatocytes (HEP) was performed according to a
previously published protocol (H. Li et al., 2020; Pan et al., 2019).

2.3 | RNA extraction and real-time polymerase
chain reaction (PCR)

Total RNA from liver macrophages and RAW264.7 cells was extracted
using TRIzol© (Invitrogen) and reverse-transcribed into complementary
DNA using the TAKARA kit (Qiagen). Real time-PCR analyses for
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messenger RNA (mRNA) levels of mtDNA, STING, IL-1B, IL-6, and
TNF-a were performed by the Thermo script Real time-PCR kit (Fer-
mentas) using GAPDH as an internal control. PCR amplification was
performed over 40 cycles including denaturation at 95°C for 10 min
followed by anneng at 58°C for 20 s and elongation at 72°C for 1 min
using Thermo Step One. The mRNA expression levels were calculated
by normzation with the GAPDH levels and the expression levels of the
control group. The experiment was carried out in triplicate. The se-

quences of the respective primers used are listed in Table 1.

2.4 | Extraction and quantification of mtDNA in
serum and supernatant

mtDNA was isolated from AML12 cells using the Mitochondrial DNA
Isolation Kit (BioVision). The concentration of the isolated mtDNA
was measured using Nanodrop (Thermo Fisher Scientific) at 260 nm.
DNA was extracted from 200 ul of serum and 50 ul AML12 cell
culture using the QIAmp DNA mini kit (Qiagen) and ZR Plasmid
MiniPrep Kit (Zymo Cat. No. D4016; Zymo Research), according to
the manufacturer's instructions. Then mtDNA levels were measured
by RT-gPCR. The purity of mtDNA was determined by agarose gel
and the circular mtDNA runs ~15-20 kDa on agarose gel.

2.5 | Western blot analysis

The proteins were isolated from liver macrophages and cultured
RAW264.7 cells by lysing them in RIPA buffer containing 1% PMSF
(Beyotime). The protein concentration was determined using a BCA
protein kit (Beyotime). Based on the protein concentration, equal
amounts of protein were separated by SDS/PAGE and transferred
onto a PVDF membrane (Millipore Corp.) followed by blocking. The
following primary antibodies were used in this study: anti-STING
(19851-1-AP; Proteintech), anti-BAX (ab32503; Abcam), anti-BAK
(#578; CST), anti-Bcl2 (ab182858; Abcam), anti-p65 (#8242S; CST),
anti-p-p65 (#3033S: CST), anti-TBK1 (ab40676; Abcam), anti-p-TBK1
(#5483S; CST), anti-caspase3 (ab184787; Abcam), anti-IRF3 (#11904S;
CST), anti-p-IRF3 (#37829S; CST), and anti-B-actin (7D2C10; Pro-
teintech). The protein bands were visuzed using an enhanced chemi-
luminescence detection system (Bio-Rad) and quantified after
normzation to internal control -actin using the ImageJ software (NIH).

TABLE 1 Primers used in RT-gPCR

Gene (mouse)

Forward
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2.6 | Serum activity levels of ALT/AST

Liver-related biochemical tests including those for measuring ALT
and AST are commonly used for evaluating the liver function. The
serum levels of ALT and AST in C57BL/6J mice with Gao binge
ethanol feeding were assayed according to the manufacturers'
protocols (Nanjing Jiancheng Bioengineering Institute). The ab-
sorbance was measured using a Multiskan MK3 (BioTek) micro-
plate reader at 510 nm. The experiment was performed in three

replicates.

2.7 | Histopathology

The middle portion of the left lobe of the liver of each C57BL/6)J
mouse was excised and perfused in 4% paraformaldehyde for at least
24 h. After fixation, the tissues were embedded in paraffin, and 5 um
thick sections were stained with hematoxylin and eosin (H&E) and oil
red O for morphological analysis using standard protocols (H. Li
et al., 2020).

2.8 | Cell culture

RAW264.7 cells (No.: TCM13) were purchased from the Chinese
Academy of Sciences and cultured in DMEM without sodium pyr-
uvate (HyClone) supplemented with 10% FBS (Bovine). The cells
were incubated at 37°C in a 5% CO, atmosphere.

29 |
STING

Overexpression and siRNA knockdown of

STING overexpression plasmids or STING siRNA (GenePharma) were
transfected into RAW264.7 cells using Lipofectamine 2000 reagent
(Invitrogen) as per the manufacturers' recommendations. Cells
(3 x105/ml) were seeded in six-well plates and transfected with the
STING plasmid or siRNA and control constructs mixed with Lipo2000
transfection reagent according to the manufacturer's protocol. Fi-
nally, the mixture was added to the RAW264.7 cells and incubated
for 6 h. The cells were cultured with DMEM supplemented with 10%
FBS at 37°C in a 5% CO, atmosphere. The STING overexpressing or

Reverse

Tmem173 GGTCACCGCTCCAAATATGTAG CAGTAGTCCAAGTTCGTGCGA
GAPDH CATTGCTGACAGGATGCAGAA TCGCCCCACTTGATTTTGGA

IL-1B TGTGAAATGCCACCTTTTGA GGTCAAAGGTTTGGAAGCAG

IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTG TTCATACA
TNF-a GAGGATACCACTCCCAACAGACC TGGGAGTAGACAAGGTACAACCC

mtDNA

ACCAAGGCCACCACACTCCT

ACGCTCAGAAGAATCCTGCAAAGAA
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knockdown cells were treated with mtDNA (200 ng/ml) for 24 h and
then harvested for Western blot analysis, RT-qPCR or other analyses.
The following siRNA sequences were used:
STING-siRNA: GACTCCTCATCAGTGGTATGGATCA
Scramble-siRNA: TTCTCCGAACGTGTCACGTAA.

210 |
(ELISA)

Enzyme-linked immunosorbent assay

RAW264.7 cells were seeded in six-well culture plates and starved
for 12 h (3 x 10°/well). The cells in different groups were treated with
or without mtDNA for 24 h. The culture medium was then collected,
and the levels of inflammatory cytokines TNF-q, IL-6, and IL-1B were
detected using an ELISA kit according to the manufacturer's in-
structions (Elabscience Biotechnology Co. Ltd.). Furthermore, in-
flammatory cytokines in mouse serum were also detected using
ELISA.

2.11 | Flow cytometric analysis

Primary hepatocytes were isolated from mice and analyzed by flow
cytometry as previously described (Pan et al., 2019). The apoptosis of
primary hepatocytes and AML-12 cells was detected by Annexin
V-FITC/PE staining using a FACS Cbur flow cytometer (BD Bios-
ciences). The data were analyzed using the CytExpert software

(Beckman Coulter).

2.12 | Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining

To visuze apoptotic cells, liver tissue sections were fixed in 10%
buffered formn at room temperature for 25 min, washed twice with
PBS containing 0.2% Triton X-100 at room temperature for 5 min.
Subsequently, the sections were covered with 100 ul equilibration
buffer and equilibrated for 10 min. Next, rTdT reaction mix was ad-
ded to the section, and each section was covered with a coverslip.
The coverslip was then removed, and sne-sodium citrate was added
to terminate the reaction. Furthermore, the slides containing the
immobilized sections were immersed in 0.3% H,O, for 3-5 min. After
being washed three times with PBS, the slides were immersed in
50 pl of TUNEL detection solution at 15-25°C for 60 min. Finally, the
sections were incubated with DAPI (Bi Yuntian Biological Technol-
ogy) for 10 min. Slides were scanned by Panoramic MIDI (3D HIS-
TECH) and viewed by CaseViewer slice software.

2.13 | Statistical analysis

Data were analyzed by Prism 5.0 GraphPad. All in vitro experiments
were performed in triplicates, while all in vivo experiments were

repeated at least six times. Values have been presented as means +
SEM. The significance of the results was determined by one-way
analysis of variance, unpaired t test, and Newman-Keuls posthoc

test. The significance level was set as p < 0.05.

3 | RESULTS

3.1 | Apoptosis of hepatocytes causes the release
of mtDNA in Gao binge ethanol model

WT mice were administered either Lieber-DeCarli ethanol or CD for 16
days to examine whether ethanol induced liver injury. Histopathology
of liver tissues was investigated using H&E and oil red O staining. The
CD-fed mice showed a normal hepatic lobule structure with a regular
arrangement of the hepatic cells. However, the EtOH-fed mice dis-
played a disordered cell arrangement and inflammatory cell infiltration,
and oil red O staining revealed hepatic steatosis in the liver tissues of
the EtOH-fed mice (Figure S1A). Furthermore, the levels of ALT, AST,
and hepatic triglyceride (TG) were higher in the livers of the EtOH-fed
mice compared to that in the CD-fed mice (Figure S1B-D). Alcohol
induced inflammation in livers of mice. Moreover, the mRNA expres-
sion of IL-1B, IL-6, and TNF-a were determined by real-time PCR and
ELISA (Figure S1E,F). These data indicate that the Gao binge ethanol
model was successfully established.

Next, we used TUNEL staining to detect hepatocyte apoptosis in
vivo. The number of apoptotic cells in the liver tissues was greater in
the EtOH-fed mice compared to that in the CD-fed mice (Figure 1a).
We further investigated the apoptosis of primary hepatocytes iso-
lated from mice using flow cytometry and found that the percentage
of apoptotic cells was increased in the EtOH-fed group (Figure 1b).
Furthermore, proapoptotic BAX and BAK are found to be activated,
cleaved-caspase3/caspase3 activation in the liver tissues (Figure 1c).
Total DNA was isolated from the serum of the mice, and the mtDNA
levels were found to be markedly elevated after Gao binge ethanol
feeding (Figure 1d). To verify that alcohol induces hepatocyte
apoptosis to release mtDNA in vitro. The mouse hepatic cell line
(AML12 cells) were treated with ethanol, and the amount of mtDNA
released into the medium was determined (Figure 1e). These data
indicate that alcohol-stimulated apoptosis of hepatocytes leads to the
release of mtDNA in Gao binge ethanol model.

3.2 | Upregulation of STING and inflammatory
responses in macrophages depends on mtDNA
activation

We have previously shown that in the Gao binge ethanol model, da-
maged hepatocytes release mtDNA which acts as an agonist for STING
(Cheng et al., 2020; Fang et al., 2020). We examined STING expression
in the livers of Gao binge ethanol feeding mice, the protein and mRNA
levels of STING were found to be increased upon EtOH-fed
(Figure 2a,b). To elucidate the molecular mechanisms underlying the
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FIGURE 1 Hepatocyte apoptosis results in the release of mitochondrial DNA in Gao binge ethanol model. WT mice were exposed to either

liquid (EtOH) or CD for 16 days to induce Gao binge ethanol model.

Hepatocyte apoptosis was evaluated using TUNEL assay (a) and flow

cytometry (b). Scale bars = 50 um. Expression of mitochondria-dependent apoptosis signng proteins (Bax, Bak, caspase 3, and cleaved-caspase 3
protein) (c). Total DNA were isolated from serum in the EtOH-fed and CD-fed mice, and mtDNA levels were then measured by RT-gPCR (d).

AML12 were incubated for 24 h with or without 200 uM EtOH (Sun

et al., 2018). Cells were centrifuged, and mtDNA levels in the supernatant

were determined by real time-PCR (e). Data represent the mean £ SEM. *p < 0.05, ***p < 0.001, as indicated. For all panels, data represent the

mean + SEM for three independent experiments

regulation of hepatic infiltration in Gao binge ethanol model, we ana-
lyzed the STING expression in KCs and primary hepatocytes. Western
blot and real-time PCR showed that the protein and mRNA levels of
STING were increased in the macrophages isolated from the mice with

Gao binge ethanol feeding (Figure 2c,d), slightly changed in primary

hepatocytes (Figure 2e,f). The mRNA and protein levels of STING were
significantly increased in RAW264.7 cells cultured with mtDNA (200
ng/ml) (Figure 2g,h). Furthermore, results from ELISA and real-time PCR
assays suggested increased inflammatory cytokines, including TNF-a,
IL-6, and IL-1B in the mtDNA-treated RAW264.7 cells and it's
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supernatants (Figure 2ij). These results indicate that STING was

upregulated in vivo and in vitro.

3.3 | Recombinant adeno-associated virus-
mediated knockdown of STING in vivo exhibits
protective effects against alcoholic liver injury

Recombinant adeno-associated viral (rAAV) vectors derived from al-
ternative serotypes are a powerful tool to deliver genes globally to a
target tissue(s) (McCarty et al., 2003; Nakai et al., 2005). To identify
the function of STING knockdown in mice, an adeno-associated
virus-8 (AAVS8) vector was administered systemically in the mice to
generate the STING knockdown model. The eGFP signal in the liver
transfected with STING knockdown plasmid. First, the effective de-
livery of rAAV8-STING to mice livers was confirmed using fluor-
escent microscopy and western blot analysis, which showed efficient
transduction in the liver 14 days after rAAV administration
(Figure 3a,b). Histological analyses of the liver using H&E and oil red
O staining revealed reduced steatosis and necrosis in the liver fol-
lowing rAAV8-STING administration. Knockdown of STING in the
liver tissue inhibited apoptosis, steatosis and ballooning to a greater
extent in the rAAV8-STING-treated mice compared to the rAAVS8-
empty-treated mice in the EtOH-fed group (Figure 3c,d). Moreover,
the serum AST, ALT and TG levels were downregulated in the
rAAV8-STING-treated EtOH-fed mice (Figure 3e-g).

To explore the functional effects of STING knockdown in Gao
binge ethanol model, we evaluated the circulation levels of in-
flammatory cytokines in the serum and primary KCs of rAAV8-
STING-treated and rAAV8-empty-treated mice. Our data show that
deficiency of STING greatly decreases the levels of proinflammatory
cytokines, including TNF-a , IL-6, and IL-1B in the EtOH-fed group
(Figure 3h,i). Figure 3j shows that hepatocyte apoptosis was atte-
nuated in the STING-knockdown mice in the EtOH-fed group as in-
dicated by a reduced Bax/Bcl2 ratio and cleaved-caspase3 protein
expression. These results confirm that STING knockdown may exert a

protective role in Gao binge ethanol model.

3.4 | Treatment with STING agonist worsens
alcoholic liver injury in the Gao binge ethanol model

CD-fed and EtOH-fed mice were treated with DMXAA (25 mg/kg/
2days, ip) for 16 days. At the end of the experiment, DMXAA
treatment did not have a significant effect on the body weight of the
mice (Figure 4a). H&E, oil red O, and TUNEL staining revealed
DMXAA induced steatosis, infiltration of inflammatory cells and he-
patocyte apoptosis (Figure 4b,c). DMXAA exposure led to sig-
nificantly increase in the serum levels of AST, ALT and TG
(Figure 4d-f) as well as expression of IL-1B, TNF-a, and IL-6 in pri-
mary KCs and serum (Figure 4g,h). Activation of STING in the liver
promotes hepatocyte apoptosis, indicated by an increased Bax/Bcl2
ratio and cleaved-caspase3 protein levels (Figure 4i). Taken together,
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these results indicate that STING activation induces hepatocyte

apoptosis and inflammation in the livers of mice.

3.5 | STING promotes the pro-inflammatory
responses of RAW264.7 cells

Inflammatory responses greatly affect the initiation of macrophage
activation in the Gao binge ethanol model. Therefore, we assessed
the potential role of STING in inflammatory responses in macro-
phages. Incubation with DMXAA enhanced the levels of IL-6, IL-18,
and TNF-a in the RAW264.7 cells (Figure 5a,b). Furthermore, we
used STING-siRNA transfection to confirm the ability of STING to
inhibit liver injury in the mouse livers, and Figure S2A shows the
successful transfection efficiency of STING-siRNA in RAW264.7
cells. Our results show that the knockdown of STING markedly in-
hibits the upregulation of IL-6, IL-1B, and TNF-a (Figure 5c,d). Next,
we used the pEGFP-STING plasmid to overexpress STING in the
RAW264.7 cells (Figure S2C). Forced ectopic expression of STING
led to elevated levels of inflammatory cytokines IL-6, IL-13, and TNF-
a (Figure 5e,f). These data suggest that excessive activation of STING

signng may induce systemic inflammation.

3.6 | STING-driven macrophage factors enhance
hepatocyte apoptosis

Our study revealed that mtDNA activates KCs via the binding of
STING, further aggravating liver injury. It has been reported that
acetaminophen overdose causes neutrophils to accelerate in-
flammatory response, proinflammatory cytokines, and in turn, speed
up the death of hepatocyte (He et al., 2017). To validate whether
STING-driven macrophage factors influence hepatocyte apoptosis,
we treated the RAW264.7 cells with and without mtDNA and in-
cubated AML12 cells with the RAW264.7 cells-CM (culture medium).
The AML12 cells incubated with the CM of mtDNA-treated
RAW?264.7 cells showed a greater increase in the Bax/Bcl2 ratio
and cleaved-caspase3 protein levels compared to that in the AML12
cells incubated with control-treated RAW264.7 cells-CM (Figure 6a).
Furthermore, flow cytometry and TUNEL staining also showed that
the number of apoptotic cells was increased (Figure 6b,c). Together,
these results suggest that STING activation enables macrophages to

secrete factors that may enhance hepatocyte apoptosis.

3.7 | mtDNA-mediated regulation of macrophage
activation by STING-TBK1-IRF3/NF-kB pathway in
the Gao binge ethanol administration in mice

It has been demonstrated that STING and its downstream NF-kB and
IRF3 trigger inflammatory reaction in response to the presence of
cytosolic DNA (Liu et al., 2021). We assessed the protein expression
levels of phosphorylation of TBK1, P-65 NF-kB, and IRF3 in mouse
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livers. Western blot analysis revealed that STING, the phosphoryla-
tion of TBK1, P-65 NF-kB, and IRF3 increased in the EtOH-fed group
(Figure 7a), indicating the activation of the STING signng pathway in
the Gao binge ethanol model. Moreover, treatment of RAW264.7

cells with mtDNA induced TBK1, P-65 NF-kB, and IRF3 phosphor-
ylation in vitro (Figure 7b). To assess the effects of STING on IRF3
and NF-kB pathway activation, we analyzed the STING signng
pathway in RAW264.7 cells treated with the pEGFP-STING plasmid,
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control-treated RAW264.7 cells. CM were mixed with fresh media in a 1:1 ratio and supplemented with AML12 cells for 48 h. The apoptosis-
associated protein levels were examined using western blot analysis (a). Apoptosis was determined by flow cytometry (b) and TUNEL staining (c).
*p < 0.05, **p <0.01, ***p <0.001 compare to control treated-CM group. For all panels, data represent the mean + SEM for three independent

experiments in vitro

which promoted STING overexpression, as well as, TBK1 phosphor-
ylation, IRF3 phosphorylation, and p65 NF-kB phosphorylation
(Figure 7c). STING-siRNA were transiently transfected into
RAW264.7 cells for 24 h. Figure 7d shows that STING-targeted
therapy in vivo significantly inhibited the STING signng pathway.
These results indicate that STING-TBK1-IRF3/NF-kB pathway acti-

vation in macrophages contributes to inflammation.

4 | DISCUSSION

Alcoholic liver injury is a liver disease caused by long-term heavy
drinking (Fuster & Samet, 2018). KCs are the resident macrophages
of the liver involved in the process of alcoholic liver injury by acti-

vating pathways that lead to the production of chemokines and

cytokines (L. Dou et al., 2019; Slevin et al., 2020). KCs account for
approximately 80% of the total macrophages in the body (P. Li
et al.,, 2017). Our study shows that STING is significantly upregulated
in KCs isolated from the livers of EtOH-fed mice.

Recent studies on sterile inflammation have suggested various
potential therapeutic targets for alcoholic liver injury. Changes in the
intestinal microbiome composition lead to an increase in the levels of
pathogen-associated molecular patterns and alcohol metabolites
further generating DAMPs, which activate inflammatory pathways
that trigger ALD (Mihm, 2018; Shim et al., 2020). Previous studies
have shown that the mtDNA is recognized as foreign particle in the
body, and thus leads to the activation of the innate immune system
(Lood et al., 2016). We observed that mtDNA released by the
apoptotic hepatocytes which promote KCs inflammation via the ac-

tivation of STING, also induces a feedback pathway to aggravate liver
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FIGURE 7 mtDNA-mediated STING-TBK1-IRF3/NF-kB signal activation in Gao binge ethanol model and RAW264.7 cells. The expression of
STING, TBK1, phosphorylated TBK1 (p-TBK1), phosphorylated IRF3(p-IRF3), NF-kBp65 phosphorylated (p-NF-kBpé5), NF-kBpé5, and B-actin
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&p < 0.05, %p < 0.01 compared to control group, ##

*p < 0.05, **p < 0.01 compared to CD-fed group,
p <0.01 compared to control group, ©p < 0.05, ®@p < 0.01 compared to pEGFP-Control

group, $p <0.05, $$p < 0.01 compared to Scramble-siRNA group. For all panels, data represent the mean + SEM for three independent

experiments
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FIGURE 8 Hepatic mtDNA-STING promotes inflammation and hepatocyte apoptosis in Gao binge ethanol model. mtDNA released by
hepatocytes undergoing apoptosis activates macrophages which induces IL-1B, TNF-a, and IL-6 expression by regulating the STING-TBK1-
IRF3/NF-kB pathway, thereby further aggravating liver injury. mtDNA, mitochondrial DNA

injury. STING activation markedly upregulates the expression of
proinflammatory factors IL-1B, IL-6, and TNF-a which in turn ag-
gravate hepatocyte apoptosis. To further understand the function of
STING in Gao binge ethanol model, we used liver-specific STING
knockdown mice. Our data revealed that STING deficiency alleviated
inflammatory infiltration and liver injury to a greater extent in EtOH-
fed mice compared to that in the control mice. Furthermore, DMXAA
injection in WT mice led to hepatocyte apoptosis and inflammatory
infiltration in the liver.

Zhao et al. (2018) showed that the DNA released from apop-
totic acinar cells is sensed by STING in leukocytes and leads to the
activation of downstream proinflammatory cytokines in experi-
mental acute pancreatitis. Activation of STING has been shown to
induce T cell apoptosis in sepsis and trauma (Long et al., 2020).
STING upregulates the proinflammatory cytokines, and STING
knockout alleviates the inflammatory response and facilitates re-
covery in spinal cord injury. In summary, STING gene does play an
important role in immune response and apoptosis. We provide a
new perspective for alcoholic liver injury from the perspective of
aseptic inflammation.

Recently, a role for STING-TBK1-IRF3/NF-kB signng in cancer
progression has been identified (Kwon & Bakhoum, 2020). STING
recruit and activate TBK1. In turn, TBK1 transphosphorylates IRF3
and NFkB, at which point IRF3 and NFkB translocate to the nucleus
and driven inflammatory genes (Bai & Liu, 2019). Our data shows that
activated STING induces the production of proinflammatory cyto-
kines through the STING-TBK1-IRF3/NF-kB pathway in Gao binge
ethanol model. Forced STING expression could utilize IRF3 and
NF-kB pathways to promote its effects on proinflammatory genes.

Although the pathogenesis of alcoholic liver injury has been ex-
tensively studied, very few limited effective preventive and curative
treatments have been developed so far. Thus, the findings of our
study provide new insights into the prevention and treatment of
alcoholic liver injury. However, STING-mediated inflammation in
the Gao binge ethanol model dependent on IRF3 or NF-kB needs to

be further investigated.

5 | CONCLUSION

In summary, we have shown that macrophage STING signal-
ing plays an important role in Gao binge ethanol model. Alcohol
metabolism cause hepatocyte apoptosis and release of mtDNA
which can activate STING signaling in macrophages and promote
inflammatory cytokines. Moreover, our data indicate that STING
signaling-activated macrophages cause further liver injury as
evidenced by increased apoptotic protein activation in liver tissue
(Figure 8).
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