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Inflammation plays an essential role in the development liver fibrosis.The Cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS) is a central cytoplasmic DNA sensor which can recognize cyto-
plasmic DNA, known to trigger stimulator of interferon genes (STING) and downstream proinflammatory factors.
Here, we investigated the role of cGAS-STING signaling pathway in the pathogenesis of liver fibrosis.Differen-
tially expressed genes (DEGs) in human liver tissue were identified using RNA-Seq analysis. As models of liver
fibrosis, chronic Carbon tetrachloride (CCly) exposure were applied in cGAS-knockout mice. LX-2 cells were co-
cultured with human liver sinusoidal endothelial cells (LSECs) to explore the underlying mechanisms of hepatic
sinusoidal microthrombosis in an inflammatory microenvironment. The endoscopic ultrasound-guided portal
vein pressure gradient (EUS-PPG) method was used to analyze the associations between hepatic sinusoidal
microthrombosis and PPG in patients with liver fibrosis and portal hypertension (PTH). The RNA-seq analysis
results showed that DEGs were enriched in inflammation and endothelial cell activation. The upregulation of the
cGAS-STING signaling exacerbated liver fibrosis and intrahepatic inflammation. It also exacerbated LSECs
impairment and increased the contribution of hepatic sinusoidal microthrombosis to liver fibrosis in vivo and in
vitro. Prothrombotic mediators and proinflammatory factors were associated with PPG in patients with liver
fibrosis and portal hypertension. Therefore, activating cGAS-STING signaling pathway promotes liver fibrosis
and hepatic sinusoidal microthrombosis, which may lead to increased portal vein pressure.

1. Introduction underlying mechanisms of intrahepatic inflammation in liver fibrosis

have not been elucidated.

Liver fibrosis is caused by chronic hepatocyte injury, which can
result from viral infection, alcoholic liver disease, or nonalcoholic
steatohepatitis [1]. Inflammation is an important and complex feature of
liver fibrosis. Following liver injury, inflammatory cells, and the innate
immune system lead to liver fibrosis mediated by hepatic stellate cells
(HSCs) activation and extracellular matrix (ECM) deposition. HSCs are
closely connected to liver sinusoidal endothelial cells (LSECs) in the
space of Disse and modulate their activity by sinusoidal communication
[2,3]. In the development of liver fibrosis, LSECs are damaged and
changed phenotypes that promote hepatic sinusoidal microthrombosis,
which leads to the exacerbation of intrahepatic vascular resistance and
portal hypertension (PHT) [4-6]. However, to our knowledge, the
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Continuous efforts have been made to unveil the mysteries behind
liver fibrosis using system biology approaches, including genomics and
transcriptomics analysis. In our study, RNA sequencing analysis was
used to evaluate gene expression in liver fibrosis. Bioinformatics analysis
showed that inflammaory pathways were significantly activated during
liver fibrosis. The cGAS-STING signaling pathway is a crucial innate
immune and inflammatory pathway in mammals. Previous studies re-
ported that the potential impact of the cGAS-STING signaling pathway
in liver ischemia-reperfusion injury, nonalcoholic steatohepatitis, he-
patic B virus infection, and other liver diseases has recently attracted
widespread attention [7]. The inflammatory response can be promoted
through the cyclic guanosine monophosphate adenosine synthase
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(cGAS)-stimulator of interferon genes (STING) pathway [8,9]. cGAS is a
cytoplasmic DNA sensor; upon recognition of viral DNA or mitochon-
drial DNA, it synthesizes 2,3-cyclic guanosine-adenosine mono-
phosphate (2,3-cGAMP), which activates STING [8]. Subsequently,
STING forms a complex with TANK-binding kinase 1 (TBK1), which
phosphorylates transcription factors such as interferon regulatory factor
3 (IRF3), inducing the synthesis of type I interferon (IFN-B) and in-
flammatory cytokines [10,11]. There is evidence that the cytosolic DNA
content of damaged hepatocytes is significantly increased, and the
cGAS-STING signaling pathway is activated to an enhanced inflamma-
tory response in the liver [12-16].

Based on the previous findings, we hypothesized that activation of
the cGAS-STING signaling pathway contributes to liver fibrosis by pro-
moting intrahepatic inflammation. Thus, we investigated the role of
cGAS-STING signaling pathway in the pathogenesis of liver fibrosis, and
our results may provide insights that facilitate the treatment of liver
fibrosis.

2. Materials and methods
2.1. Human serum and liver samples

Serum specimens were derived from 40 patients with diagnosed liver
fibrosis. Liver fibrosis tissues were from 12 of these patients who expe-
rienced liver puncture biopsy. Normal liver tissues (n = 12) from pa-
tients with hepatic hemangioma were served as controls. 4 cases of liver
fibrosis and normal liver tissues were for RNA-seq, and the rest were
used for follow-up studies. Each specimen received a histological score
by using the Ishak system [17]. All patients informed possible risks and
signed the consent form. The study protocol was approved by the
Clinical Ethics Committee of the Third Xiangya Hospital (approval
number: 1-22217).

2.2. RNA extraction and library construction

Total RNA was isolated and purified using TRIzol reagent (Invi-
trogen, USA) following the manufacturer’s procedure. The RNA amount
and purity of each sample was quantified using NanoDrop (Wilmington,
USA). The RNA integrity was assessed by Bioanalyzer 2100 (Agilent,
USA) with RIN number >7.0, and confirmed by electrophoresis with
denaturing agarose gel. Poly (A) RNA is purified from 1 pg total RNA
using Dynabeads Oligo (dT)25-61005 (Thermo Fisher, USA) using two
rounds of purification. Then the poly(A) RNA was fragmented into small
pieces using Magnesium RNA Fragmentation Module (NEB, USA) under
94 °C 5-7 min. Then the cleaved RNA fragments were reverse-
transcribed to create the cDNA by SuperScript™ II Reverse Transcrip-
tase (Invitrogen, USA), which were next used to synthesise U-labeled
second-stranded DNAs with E. coli DNA polymerase I (NEB, USA),
RNase H (NEB, USA) and dUTP Solution (Thermo Fisher, USA). An A-
base is then added to the blunt ends of each strand, preparing them for
ligation to the indexed adapters. Each adapter contains a T-base over-
hang for ligating the adapter to the A-tailed fragmented DNA. Single- or
dual-index adapters are ligated to the fragments, and size selection was
performed with AMPureXP beads. After the heat-labile UDG enzyme
(NEB, cat.m0280, USA) treatment of the U-labeled second-stranded
DNAs, the ligated products are amplified with PCR by the following
conditions: initial denaturation at 95 °C for 3 min; 8 cycles of denatur-
ation at 98 °C for 15 s, annealing at 60 °C for 15 s, and extension at 72 °C
for 30 s; and then final extension at 72 °C for 5 min. The average insert
size for the final cDNA library was 300 + 50 bp. At last, we performed
the 2 x 150 bp paired-end sequencing (PE150) on an illumina Nova-
seq™ 6000 (LC-Bio Technology, China) following the vendor’s recom-
mended protocol.
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2.3. Bioinformatics analysis of RNA-seq

Fastp software (https://github.com/OpenGene/fastp) were used to
remove the reads that contained adaptor contamination, low quality
bases and undetermined bases with default parameter. Then sequence
quality was also verified using fastp. We used HISAT2 to map reads to
the reference genome of Homo sapiens GRCh38. The mapped reads of
each sample were assembled using StringTie (https://ccb.jhu.edu/
software/stringtie) with default parameters. Then, all transcriptomes
from all samples were merged to reconstruct a comprehensive tran-
scriptome using gffcompare (https://github.com/gpertea/gffcompare/
). After the final transcriptome was generated, StringTie and was used
to estimate the expression levels of all transcripts. StringTie was used to
perform expression level for mRNAs by calculating FPKM. The differ-
entially expressed mRNAs were selected with fold change > 2 or fold
change < 0.5 and with parametric F-test comparing nested linear models
(p value < 0.05).

2.4. Animals

To produce liver fibrosis animal models, C57BL/6J mice (Lake
Jingda, China) and cGAS-KO mice (Jackson Lab, No: 026554, USA) of 6-
week-old were injected intraperitoneally twice a week for eight weeks
with either olive oil alone (5 ml/kg) or carbon tetrachloride (CCly) (1:4
in olive oil) (RHAWN, China). Construction of STING overexpression
mice as follows: C57BL/6J mice were intramuscular injected with 2,3-
c¢GAMP (500 pg/kg, InvivoGen, USA) three times a week for 2 weeks.
Afterwards, the mice were anaesthetized using chloral hydrate before
being killed. Their serum and liver tissues were collected and stored at
—80 °C. The experimental animal protocol was approved by the Insti-
tutional and Local Committee on the Care and Use of Animals of the
Central South University (approval number: CSU-2022-0428).

2.5. Liver histology

Liver samples from mice and humans were embedded in paraffin
after being fixed in 4 % paraformaldehyde. Sections (4 pm) were pre-
pared, then stained with hematoxylin-eosin (HE) and Masson’s tri-
chrome. Collagen deposition was analyzed using Masson’s trichrome
staining. Ndp.view software (Hamamatsu, Japan) was used to evaluate
hepatic sinusoidal microthrombosis in digitally scanned pathological
sections. Random observation 100 hepatic sinusoidal vessels, and the
thrombosis rate was calculated. Representative images of sections are
shown in this article.

2.6. Measurement of portal pressure gradient

Each patient was placed in the left supine position and administered
intravenous anesthesia. The liver was scanned by endoscopic ultrasound
(EUS) (EG-3870UTK, PENTAX, Japan); the first and second hepatic
portal were exposed; and the main portal vein and left hepatic vein were
both located [18]. The portal vein near the intrahepatic bifurcation was
entered through the stomach, whereas the hepatic vein or retrohepatic
inferior vena cava was entered through the stomach [18]. Select the
hepatic vein that is almost parallel to the probe and use a 25G puncture
needle connected to a pressure sensor to perform puncture and pressure
measurement through the stomach and the liver or through the duo-
denum and the liver. Likewise, intrahepatic branches of the portal vein
were confirmed by endoscopic ultrasonography to identify the appear-
ance of hyperechoic walls and unidirectional blood flow using color
Doppler ultrasound. After a successful puncture, 1 ml of heparin saline
should be injected. If water bubbles appear in the blood vessel under
Doppler ultrasound, it means that the puncture needle has entered the
lumen of the target blood vessel. The EUS-guided portal vein pressure
gradient (EUS-PPG) measurement procedure is summarized in Supple-
mentary Fig. 1. After the pressure had been stabilized for 30-60 s,
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readings were recorded. Each measurement was repeated three times,
and the PPG was calculated using the mean of the three readings. All
patients informed possible risks and signed the consent form. The study
protocol was approved by the Clinical Ethics Committee of the Third
Xiangya Hospital (approval number: [-22217).

2.7. Reverse transcription quantitative polymerase chain reaction (RT-
gqPCR)

Total RNA was extracted from lysates of liver tissue and cells using
TRIzol (Thermo, China). Equal amounts of total RNA (1 pg) was then
used as the template for reverse transcription of cDNA. SYBR Green
reagent (Abiowell, China) was used for RT-qPCR. The RT-qPCR protocol
consisted of 10 min at 95 °C and 40 cycles at 60 °C for 15 s each. Primer
sequences are listed in Supplementary Table 2.

2.8. Western blotting (WB)

RIPA lysis buffer (Abiowell) was used to extract whole protein from
cells or liver tissues. The protein was transferred to a nitrocellulose filter
membrane. Each membrane was incubated with primary antibody for
12 h at 4 °C, then washed three times with horseradish peroxidase-
conjugated secondary antibody (1:5000 dilution, Abiowell). Analysis
Software (Bio-Rad Laboratories, USA) was used for densitometric mea-
surement of each band. The primary antibodies were as follows: cGAS
(1:1000, CST, USA), STING (1:1000, Abcam, USA), Phospho-STING
(1:1000, Abcam, USA), Col-1al (1:1000, Proteintech, USA), B-actin
(1:5000, Proteintech, USA) and GAPDH (1:5000, Proteintech, USA).

2.9. Transmission electron microscopy (TEM) analyses

Liver specimens and cell samples were fixed with 2.5 % glutaralde-
hyde for 12 h. Then, the samples were immersed in propylene oxide and
soaked for 3 h in epoxy resin. Ultrathin sections (80 nm) were stained
with uranyl acetate and lead citrate. A transmission electron microscope
(JEOL, Japan) was used to visualize each section.

2.10. Cell culture and transfection

LX-2 cells (Procell Life Science&Technology, China) were cultured in
DMEM supplemented with 10 % fetal bovine serum, 1 mmol/L L-
glutamine, and 100 IU/ml penicillin. After 24 h of pretreatment with
transforming growth factor (TGF)-p1 (20 ng/mL; PeproTech, China), the
cells were collected for use in experiments. Prior to transfection, LX-2
cells were cultivated in six-well plates until they reached approxi-
mately 70 % confluence. Lipofectamine 2000 transfection reagent
(Invitrogen, China) was used for transfection of cGAS- and STING-
overexpressing plasmids, as well as small interfering RNAs (siRNAs)
targeting cGAS and STING (TransSheep Bio, China).

2.11. Cell viability analysis

The viability of LX-2 cells was measured using the cell counting kit
(CCK)-8 assay. LX-2 cells were plated in 96-well plates (5 x 10° cells/
well), then exposed to various concentrations of TGF-p1 for 24 h. Sub-
sequently, the cells were incubated with CCK-8 for 2 h at 37 °C. A
microplate reader was used to measure absorbance at 450 nm (Huisong
Tech, China).

2.12. Co-culture of LX-2 cells and LSECs

LX-2 cells were transfected with ¢cGAS and STING overexpressing
plasmids and siRNA. Cells were collected from each group, then treated
for 24 h with TGF-f1 (20 ng/mL). Human LSECs (iCell Bioscience,
China) were cultured overnight in the special culture medium serum
(iCell Bioscience, China). Subsequently, LX-2 cells and LSECs were
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washed with phosphate-buffered saline, then detached from their
respective culture flasks via trypsinization. Next, LX-2 cells were seeded
in the upper chambers of a Transwell co-culture plate (1 x 10° cells/
well), whereas LSECs were seeded in the lower chambers of a Transwell
co-culture plate (1 x 10° cells/well).

2.13. Statistical analysis

GraphPad Prism 8 software was used for statistical analysis. Data are
shown as means + SEM. Statistical differences were analyzed by un-
paired Student’s t-tests between two groups and one-way ANOVA with
the Bonferroni correction among multiple groups. Correlation was
examined by linear regression. P-values < 0.05 were considered statis-
tically significant.

3. Results
3.1. RNA-Seq and differentially expressed gene analysis

To evaluate the differential expression patterns of genes associated
with liver fibrosis, total RNA was extracted from the liver tissues of
patients with liver fibrosis and control group. A total of 451 genes (1.20
% of the total 37415 genes) were reported as significant DEGs, which
comprised 186 upregulated genes (accounting for 41.24 % of all sig-
nificant DEGs) and 265 downregulated genes (accounting for 58.76 % of
all significant DEGs), respectively (Fig. 1A). The gene expression of in-
flammatory factors and endothelial factor was increased in liver fibrosis
(Fig. 1B and C). The bubble map of KEGG enrichment analysis indicated
significant changes in cytokine - cytokine receptor interaction, cell cycle
signaling pathway, cell adhesion signaling pathway, chemokine
signaling pathway, toll-like receptor signaling pathway (Fig. 1D).
Further GSEA analysis showed that the enrichment score of cGAS-STING
signaling pathway in the hepatic fibrosis group changed significantly
compared with that in the control group (Fig. 1E), suggesting that the
cGAS-STING signaling pathway plays an important role in liver fibrosis.
Protein interaction network diagram of genes showed the interaction
between inflammatory factors and endothelial factor was powerful. The
expression of inflammatory factors NF-xB, IL-1p, and IL-6 was high,
mostly held by STING and TBK1(Fig. 1 F). Further, the upstream
signaling pathway of endothelial activation was regulated primarily by
vWF, Angpt-2 and KLF2.

3.2. c¢GAS-STING signaling pathway is activated in liver fibrosis

Compared with healthy human liver specimens, fibrotic liver speci-
mens exhibited higher Ishak score in HE staining; moreover, Masson’s
trichrome staining revealed a greater percentage of collagen-positive
area in fibrotic liver specimens (Fig. 2A). Obviously, fibrotic marker
a-SMA significantly increased in fibrotic liver specimens (Fig. 2B). WB
and RT-qPCR displayed that the expression of cGAS, STING, TBK1, and
IRF3 were higher in fibrotic liver specimens than in healthy liver spec-
imens (Fig. 2C and D). Additionally, fibrotic liver specimens exhibited
an enhanced inflammatory response, as indicated by the levels of in-
flammatory factors (IL-1p, IL-6, CXCL-1, and IFN-B) (Fig. 2E).

Next, CCly-induced liver fibrosis mouse model was established to
explore the role of the cGAS-STING signaling pathway in liver fibrosis.
HE and Masson’s trichrome staining results suggested that hepatic
fibrogenesis was increased in CCly-treated mice, compared with wild-
type (WT) mice (Fig. 2F). Similarly, quantitative analysis of staining
results showed that, with increasing modeling time, mice had a higher
Ishak score and greater percentage of collagen-positive areas (Fig. 2G
and H). Furthermore, the level of a-SMA expression gradually increased
after 4, 6 and 8 weeks of modeling, compared with WT mice (Fig. 2I).
WB and RT-qPCR analysis of liver specimens showed strong upregula-
tion of ¢cGAS and STING expression levels in mice with increasing
modeling time (Fig. 2J and K). RT-qPCR revealed that the expression
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cGAS-STING signaling pathway components (C and D). Relative mRNA expression levels of IL-1p, IL-6, CXCL-1, and IFN-p in patients with liver fibrosis (E). WT mice
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levels of inflammatory factors including IL-1p, IL-6, CXCL-1, and IFN-f
in fibrotic liver specimens were considerably upregulated with
increasing modeling time (Fig. 2L). In summary, these results showed
that the cGAS-STING signaling pathway is activated in patients and mice
with liver fibrosis. Furthermore, inflammatory factors are produced in
fibrotic liver tissue.

3.3. ¢GAS-STING signaling pathway exacerbates CCly-induced liver
fibrosis in mice

To explore the role of the cGAS-STING signaling pathway during the
progression of liver fibrosis, we used CCly to induce liver fibrosis for 8
weeks in cGAS-KO mice and STING-activated mice. Compared with
model mice lacking the cGAS-KO modification, inhibition of the cGAS-
STING signaling pathway markedly attenuated liver fibrosis, leading
to a decreased Ishak score and smaller percentage of collagen-positive
areas (Fig. 3A-C). Additionally, the expression of a-SMA was consider-
ably lower in liver specimens from cGAS-KO mice (Fig. 3D). Western
blot revealed that cGAS gene expression was completely abolished
(Fig. 3E). The mRNA levels of cGAS-STING signaling pathway mediators
and inflammatory indicators in cGAS-KO mice were substantially
reduced (Fig. 3F and G).

Next, we used 2,3-cGAMP to activate the expression of STING in WT
mice. Upon exposure to CCly, cGAMP-induced STING activation strongly
promoted liver fibrosis, characterized by an increased Ishak score and
larger percentage of collagen-positive areas (Fig. 3H-J). Furthermore,
the expression of a-SMA was higher in liver specimens from STING-
activated mice (Fig. 3K). After 8 weeks of fibrosis induction, STING-
activated mice exhibited strongly positive expression of the cGAS-
STING signaling pathway and inflammatory factors, compared with
fibrotic mice established for 8 weeks (Fig. 3L-N). These findings
confirmed that upregulation of the cGAS-STING signaling pathway
could exacerbate liver fibrosis in vivo.

3.4. Inhibition of cGAS-STING signaling pathway alleviates TGF-}1-
induced profibrotic gene expression in HSCs

Next, the role of cGAS-STING signaling pathway in liver fibrosis was
investigated in vitro. LX-2 cells, a human HSC line, were transfected
with cGAS-siRNA and STING-siRNA respectively. The protein expression
of ¢GAS and STING were significantly reduced in the corresponding
siRNA groups, compared with the si-NC-treated group (Fig. 4A-D). LX-2
cells were treated with various concentrations of TGF-p1 for 24 h to
induce HSC activation. After treatment with TGF-f1, the expression of
a-SMA in LX-2 cells was elevated in a dose-dependent manner. CCK-8
assay and RT-qPCR showed that 20 ng/mL TGF-p1 had the greatest ef-
fect on activation of LX-2 cells (Fig. 4E and F). Thus, 20 ng/mL TGF-p1
was used in subsequent experiments. Additionally, cGAS-siRNA-
transfected and STING-siRNA-transfected LX-2 cells were treated with
TGF-p1 for 24 h. Compared with TGF-f1-activated LX-2 cells, the Col-
lal protein levels and a-SMA mRNA levels were decreased after
knocking down c¢GAS or STING (Fig. 4G and H). Moreover, cGAS-STING
signaling pathway activation and inflammatory cytokine expression
were substantially reduced in the cGAS-siRNA and STING-siRNA group
(Fig. 4L and J). Overall, the results indicated that inhibition of the cGAS-
STING signaling pathway in HSCs significantly attenuated the expres-
sion of profibrotic genes and inflammatory cytokines.

3.5. Activition of cGAS-STING signaling pathway aggravates profibrotic
gene and inflammatory cytokine expression in HSCs

Subsequently, plasmid of cGAS-OE and STING-OE were transfected
into LX-2 cells to overexpress cGAS and STING, respectively. Compared
with the negative control, there was a noteworthy increase in the cGAS
and STING expression in the transfected LX-2 cells measured by WB
(Fig. 5A-D). LX-2 cells were transfected with cGAS-OE and STING-OE to
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overexpress cGAS and STING, then treated with TGF-p1 for 24 h. The
Col-1al protein levels and a-SMA mRNA levels were increased
compared with TGF-fl-activated LX-2 cells (Fig. 5E and F). Then the
crucial gene of cGAS-STING pathway and inflammatory cytokine in
overexpressed plasmid group were remarkably elevated (Fig. 5G-J).
These findings show that the up-regulation of cGAS-STING signaling
pathway in HSCs aggravates inflammatory response and forms an in-
flammatory microenvironment in the liver.

3.6. Activation of cGAS-STING signaling pathway in HSCs exacerbates
LSEC impairment

To explore the mechanism by which the intrahepatic inflammatory
microenvironment caused by the activation of cGAS-STING signaling
pathway in HSCs contributes to LSEC impairment, we performed a co-
culture experiment involving LX-2 cells and LSECs (Fig. 6A). LX-2 cells
were transfected with cGAS-OE, STING-OE, cGAS-siRNA, or STING-
siRNA; they were then treated with 20 ng/mL TGF-pl1 for 24 h.
Collected LSECs of groups including control group, TGF-p1 group, si-
cGAS group, cGAS-OE group, si-STING group, and STING-OE group.
Cell morphology and microstructural changes were observed by TEM.
Normal LSECs were flat, with intact organelles (Fig. 6B). In the TGF-f1
group, LSECs exhibited nearly round nuclei, with some damaged mito-
chondria and some pseudopodia (Fig. 6C). In the si-cGAS and si-STING
groups, LSECs exhibited substantially less damage, with significantly
fewer damaged mitochondria and pseudopodia (Fig. 6D and F). In the
cGAS-OE and STING-OE groups, LSECs lost their normal morphology,
organelles were destroyed, and the numbers of pseudopodia were
markedly increased (Fig. 6E and G). Further, we quantified the number
of LSECs pseudopods in each group which is closely related to
morphological changes of LSECs when they are under different degrees
of external stimulation and injury (Fig. 6H).These data demonstrate that
the activation of cGAS-STING signaling pathway in HSCs exacerbates
LSEC impairment in a co-culture system. KLF2, an early indicator of
LSEC damage, was significantly increased expression in LSECs during
co-culture with up-regulated cGAS and STING gene (Fig. 6I). Further-
more, we observed that injured LSECs released vasoactive substances
including angiopoietin-2 (Angpt-2) and thrombomodulin (TM) (Fig. 6J
and K), which can disrupt coagulatory homeostasis in the microcircu-
lation and promote the onset of thrombosis. Angpt-2, a glycoprotein
secreted by endothelial cells, can stabilize newly formed thrombosis
[19]. TM, a thrombin regulatory protein on the surface of endothelial
cells, exhibits an anticoagulatory function [20]. Therefore, we specu-
lated that LSECs were damaged during the progression of liver fibrosis,
then participated in further development of liver fibrosis via secretion of
vasoactive substances.

3.7. ¢GAS-STING signaling pathway exacerbates damage to LSECs in
mice with liver fibrosis

To examine the detrimental effect of activated HSCs on LSECs in
vivo, TEM analysis was employed in liver tissues of WT, 4 and 8 weeks of
modeling mice, cGAS-KO and STING-actived model mice. No abnor-
malities in liver cell ultrastructure were observed in the control group
(Fig. 7A; red arrows indicate LSECs). After 4 weeks of liver fibrosis
modeling, the hepatic sinusoidal vascular lumen was ruptured, the he-
patic microvilli were reduced, and few collagen fiber bundles were
present in perisinusoidal space. The presence of discontinuous basement
membrane (red arrow) in the subendothelium suggested that hepatic
sinusoids had transformed into capillaries (Fig. 7B). CCl4 exposure led to
the exacerbation of liver fibrosis and onset of sinusoidal endothelial cell
injury. After 8 weeks of modeling, LSECs were enlarged and exhibited an
irregular shape, with reduced cytoplasm volume. The perisinusoidal
space was enlarged, and pores were present between endothelial cells.
Hepatic sinusoidal obstruction is common during the progression of
liver fibrosis. The obstruction mainly involves red blood cells and cell
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debris, which contribute to the formation of microthrombosis (Fig. 7C).
c¢GAS-KO model mice exhibited less damage to LSECs and their mito-
chondria (Fig. 7D). In contrast, STING-activated mice had incomplete
hepatic sinusoids and disrupted endothelial cell morphology, along with
many broken organelles in the perisinusoidal space (Fig. 7E). Notably,
STING-actived model mice exhibited greater expression of KLF2
(Fig. 7G), whereas the expression of KLF2 was downregulated in cGAS-
KO model mice (Fig. 7F).
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3.8. Hepatic sinusoidal microthrombosis is markedly increased in the
progression of liver fibrosis

In fibrotic human liver specimens, Masson’s trichrome staining
revealed prominent hepatic sinusoidal microthrombosis, which differed
from the findings in normal human liver specimens (Fig. 8A). The
expression levels of the thrombus-forming agents Angpt-2, TM, and von
Willebrand factor (vVWF) were significantly greater in fibrotic liver
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Fig. 8. Hepatic sinusoidal microthrombosis is significantly increased during the progression of liver fibrosis. Masson staining was used to evaluate hepatic
sinusoidal microthrombosis in liver specimens from control and patients with fibrosis; the rate of positive vessel staining was measured (A). mRNA expression levels
of prothrombotic mediators (Angpt-2, vVWF, and TM) were measured (B). Results of Masson staining in mice with modeling times of 4, 6, and 8 weeks; the rate of
positive vessel staining was measured (C). mRNA expression levels of Angpt-2, vWF, and TM in mice were measured via RT-qPCR (D). *: P < 0.05, **: P < 0.01, ***:

P < 0.001 vs. WT mice administered CCly.
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specimens than in healthy liver specimens (Fig. 8B). vWF is an important
marker for vascular endothelial injury and platelet activation[21]; it
promotes platelet activation and aggregation, which have key roles in
thrombosis[22]. Similar phenomena were observed in CCly-treated
mouse liver specimens, in a manner proportional to administration time
(Fig. 8C). After CCly treatment, the mRNA levels of Angpt-2, TM, and
vWF were gradually increased in mouse liver specimens (Fig. 8D).

3.9. ¢GAS-STING signaling pathway promotes the formation of hepatic
sinusoidal microthrombosis in fibrotic liver

Further exploration of cGAS-STING signaling pathway in hepatic
sinusoidal microthrombosis revealed that specimens from cGAS-KO
mice showed less hepatic sinusoidal microthrombosis, compared with
specimens from WT mice (Fig. 9A). As expected, cGAS-KO mice
exhibited lower expression levels of Angpt-2, TM, and vWF (Fig. 9B). In
contrast, STING-activated mice showed an increase in the formation of
hepatic sinusoidal microthrombosis (Fig. 9C). Additionally, increased
expression of Angpt-2, TM, and vWF in STING-activated mice indicate a
marked release of prothrombotic substances (Fig. 9D). Thus, we
confirmed the involvement of cGAS-STING signaling pathway in the
pathogenesis of hepatic sinusoidal microthrombosis in liver fibrosis.

3.10. Prothrombotic mediators are associated with EUS-PPG in patients
with liver fibrosis

EUS-PPG was used to evaluate portal vein pressure in patients with
liver cirrhosis and PHT. All 40 patients included in this study success-
fully completed EUS-PPG, and no adverse events occurred in all patients,
including gastrointestinal bleeding, gastrointestinal perforation and
fistula. The PPG of 40 patients with liver cirrhosis and portal hyper-
tension are shown in the Supplementary Table 1. The serum mRNA level
of TM and vWF, as prothrombotic mediators for microthrombosis, had
an obvious linear relationship with PPG (Fig. 10A and B). The correla-
tion between the level of Angpt-2 and PPG is not significant (Fig. 10C).
These results suggested that hepatic sinusoidal microthrombosis may be
an important factor in PHT. The serum mRNA level of IL-1p and IL-6, as
proinflammatory factors, have an obvious linear relationship with PPG
(Fig. 10D and E). The correlation between the level of CXCL-1 and PPG is
insignificant (Fig. 9F). We speculated that inflammatory response might
be involved in the formation of portal hypertension.

4. Discussion

Liver fibrosis is a chronic inflammatory process resulting from the
recruitment and migration of inflammatory cells and HSCs [23,24]. Our
current study demonstrated that the cGAS-STING signaling pathway is
activated and exacerbates hepatic inflammation in patients and mice
model with liver fibrosis. We analyzed that cGAS was activated as a
cytoplasmic DNA sensor in liver fibrosis tissue which may be due to DNA
released after mitochondrial damage or hepatitis virus DNA [25]. Acti-
vation of cGAS-STING signaling pathway induces IRF3 and NF-kB
signaling, leading to the production of inflammatory cytokines and the
onset of intrahepatic inflammation [26]. Further, we observed that
blockade of the cGAS-STING signaling pathway could attenuate HSCs
activation and thus alleviate hepatic fibrosis. Inflammatory factors could
activate HSCs and stimulate the synthesis of ECM [27]. During liver
injury, inflammatory cells are recruited in the injured site through
chemokines attraction [28]. Furthermore, HSCs conversion from a
quiescent to an activated state characterized by a myofibroblast-like
phenotype responsible for proliferation and excessive extracellular
matrix deposition is regulated by inflammatory mediators [29]. These
data collectively demonstrated that activation of the cGAS-STING
signaling pathway aggravated hepatic inflammation and liver fibrosis.

LSECs are highly specialized endothelial cells representing the
interface between blood cells and hepatocytes, and HSCs. In
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pathological conditions, LSECs play a key role in the initiation and
progression of liver fibrosis [30]. Studies have indicated that activation
of HSCs affects LSECs and liver homeostasis by secreting vasoactive
substance [31,32]. Notably, a major innovation of our research is the co-
culture of HSCs and LSECs to explore the molecular mechanisms that
promote liver fibrosis. Our findings indicated that activated LX-2 cells
release inflammatory factors which may be an important factor leading
to the injury of LSECs.We found that activation of the cGAS-STING
signaling pathway in HSCs triggers the release of pro-inflammatory
factors, and aggravates the injury of LSECs, which promotes the for-
mation of hepatic sinusoidal microthrombosis. Microthrombosis for-
mation is a process involving multiple factors, which is closely
associated with vascular endothelial integrity and function [27,28]. Our
research demonstrated that the activation of the cGAS-STING signaling
pathway aggravated the secretion of prothrombotic substances by
LSECs. Based on our research results, inflammation and hepatic sinu-
soidal microthrombosis are tightly interrelated and LSEC-secreted pro-
thrombotic substances accelerate the process. Due to the aggregation of
red blood cells and platelets in hepatic sinuses, hepatic sinuses micro-
thrombosis are formation, which further aggravates hepatic microcir-
culation disorder and promotes portal hypertention.

There is evidence that hepatic sinusoidal microthrombosis contrib-
utes to intrahepatic vascular resistance and promotes portal venous
pressure [33,34]. Portal hypertension is determined by static structural
remodeling (fibrosis and scarring) and dynamic intrahepatic resistance
(contractile HSCs and endothelial dysfunction) [35,36]. However,
limited information is available regarding the molecular drivers of PHT.
In this study, we investigated potential modulators of hepatic sinusoidal
microthrombosis in PHT. Assessment of the hepatic venous pressure
gradient (HVPG) indirectly reflects the degree of portal pressure, which
limits its wide application in clinical practice [37,38]. Here, we used the
newest EUS-PPG method, which can directly measure portal vein and
hepatic vein pressure; it can also evaluate pre-hepatic and pre-sinusoidal
portal hypertension [39-41]. Previous research has found that EUS-PPG
measurements provide excellent correlation with HVPG, histological
hepatic fibrosis stage, and clinical markers of PTH [40-42]. The EUS-
guided liver biopsy also can be performed safely during the same ses-
sion as EUS-PPG, providing a comprehensive endoscopic evaluation of
the patient with liver cirrhosis and portal hypertension [43]. A
remarkable finding of the current study was that a linear relationship
was observed between these prothrombotic substances and PPG. This
direct relationship firstly suggests that hepatic sinusoidal micro-
thrombosis has a pathogenic role in PHT. Expression of CXCL-1 in LSECs
recruits neutrophils and promotes sinusoidal microthombosis, which
increases portal venous pressure [34]. Previous studies found that
reduced fibrin deposition and hepatic sinusoidal microthrombosis in the
liver were observed in enoxaparin-treated cirrhotic rats [44]. Hepatic
inflammation has effects on the sinusoidal network and can modulate
intrahepatic vascular resistance [45-47]. Based on the above findings,
we suspect that hepatic sinusoidal microthrombosis and inflammation
may be involved in the development of portal hypertension.

In summary, our research indicates that activation of the cGAS-
STING signaling pathway exacerbates intrahepatic inflammatory
response and promotes liver fibrosis. It also leads to LSEC damage and
expedites the formation of hepatic sinusoidal microthrombosis, which is
a dynamic regulator of PPG in patients with liver fibrosis and PHT. These
results suggest that the cGAS-STING signaling pathway may act as a
potential therapeutic target for liver fibrosis.
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