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Glabridin improves autoimmune disease ety

in Trex1-deficient mice by reducing type |
interferon production
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Abstract

Background The cGAS-STING signaling pathway is an essential section of the natural immune system. In recent
years, an increasing number of studies have shown a strong link between abnormal activation of the cGAS-STING
signaling pathway, a natural immune pathway mediated by the nucleic acid receptor cGAS, and the development
and progression of autoimmune diseases. Therefore, it is important to identify an effective compound to specifically
downregulate this pathway for disease.

Methods The effect of Glabridin (Glab) was investigated in BMDMs and Peripheral blood mononuclear cell (PBMC)
by establishing an in vitro model of cGAS-STING signaling pathway activation. An activation model stimulated

by DMXAA was also established in mice to study the effect of Glab. On the other hand, we investigated the possible
mechanism of action of Glab and the effect of Glab on Trex1-deficient mice.

Results In this research, we report that Glab, a major component of licorice, specifically inhibits the cGAS-STING sign-
aling pathway by inhibiting the level of type | interferon and inflammatory cytokines (IL.-6 and TNF-a). In addition, Glab
has a therapeutic effect on innate immune diseases caused by abnormal cytoplasmic DNA in Trex1-deficient mice.
Mechanistically, Glab can specifically inhibit the interaction of STING with IRF3.

Conclusion Glab is a specific inhibitor of the cGAS-STING signaling pathway and may be used in the clinical therapy
of cGAS-STING pathway-mediated autoimmune diseases.
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Introduction

Natural immunity is the innate defense ability of the
organism. Natural immunity is triggered primarily by
damage-associated molecular patterns, which recognize
pathogen-associated molecular patterns and pattern-rec-
ognition receptors that immunize the body against for-
eign pathogens, and is the first line of defense of natural
immunity to protect the organism (Liu et al. 2022; Lock-
hart et al. 2022). The cGAS-STING signaling pathway
is an important component of the natural immune sys-
tem that has been discovered in recent years (Kwon and
Bakhoum 2020; Zhao et al. 2023). The cGAS is a novel
cytoplasmic DNA receptor that recognizes abnormal
DNA present in the cytoplasm produced by the organ-
ism or from outside and catalyzes the formation of cyclic
GMP-AMP (cGAMP) from ATP and GTP, which binds
as a second messenger and activates STING located in
the endoplasmic reticulum (Zhang et al. 2020). Binding
of GAMP and STIING results in translocation of STING
from the endoplasmic reticulum to the Golgi appara-
tus, eventually transferred to the vesicles in the perinu-
clear region (Wang et al. 2020). Meanwhile, STING can
recruit TANK-binding kinase 1 (TBK1) to form a com-
plex that catalyzes phosphorylation and dimerization of
IRF3, which is able to translocate from the cytoplasm to
the nucleus and induce transcription of innate immune
genes, ultimately leading to increased expression of type
I interferon and inflammatory factors (Long et al. 2022;
Zhuang et al. 2022).

Although the cGAS-STING signaling pathway plays a
very important role in the treatment of innate immune
and inflammatory diseases, inappropriate activation of
this pathway can also trigger autoimmune and inflam-
matory diseases such as familial frostbite lupus erythe-
matosus, neuroinflammatory and neurodegenerative
diseases, and Parkinson’s disease (Zheng et al. 2021).
Available studies have shown that the c¢cGAS-STING
pathway triggers an autoinflammatory response in three-
prime repair exonuclease 1 (7TrexI) -deficient mice,
with lethality occurring at around week eight (Maltbaek
et al. 2022). Trex1 is a very important endogenous DNA
nucleic acid exonuclease in cells that can remove DNA
fragments that need to be processed by hydrolyzing
damaged DNA in damaged cells, thus avoiding immune
hyperactivation and autoimmune diseases (Mathavara-
jah et al. 2019; Nader et al. 2021). It has also been shown
that if IRF3 is simultaneously knocked out in Trex1 mice,
autoantibody and type I interferon production can be
effectively reduced, thereby avoiding death, which also
suggests that autoimmune diseases in TrexI ™~ mice are
associated with IRF3-dependent type I interferon pro-
duction (Stetson et al. 2008). In addition, for inflamma-
tory diseases caused by the cGAS-STING pathway, small
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molecule compounds have been reported as antagonists
of the cGAS-STING pathway, such as RU.521, C-176
and H151 (Zhou et al. 2018; Hopfner and Hornung 2020;
Wang et al. 2022). Furthermore, DMXAA and CMA, two
synthetic small molecule compounds that promote STI-
ING-dependent signalling in mice, have the disadvantage
of not activating human STING (Graham et al. 2022).
Therefore, it is of significance to explore the development
of safe and effective inhibitors of the cGAS-STING path-
way for the treatment of cGAS-STING-mediated inflam-
matory diseases.

Glabridin (Glab) is a flavonoid component unique in
the Chinese herb licorice, one of the ancient and com-
monly used herbs (Chung et al. 2022; Ge et al. 2023). It
has been shown that licorice flavonoid components have
good anti-inflammatory effects and are protective against
both liver injury and lung injury (Li et al. 2022; Wen et al.
2023), while Glabridin can significantly inhibit the free
radicals generated during human metabolism and pre-
vent some pathological diseases related to free radical
oxidation (Yehuda et al. 2016). It also has the ability to
improve cardiovascular disease, inhibit melanin forma-
tion and have anti-inflammatory effects. The apparent
beneficial effects of Glabridin are related to its structure,
but its potential mechanism of action and immediate tar-
gets are still not well understood and no inhibitors of the
cGAS-STING signalling pathway have yet been approved
(Dai et al. 2021; Zhang et al. 2022a, b).

In the present study, we found that Glabridin specifi-
cally inhibited the activation of the cGAS-STING signal-
ing pathway and that mice given Glabridin attenuated the
increase in interferon and inflammatory factors induced
by DMXAA. Mechanistically, Glabridin inhibits the
interaction of STING with IRF3. Collectively, this study
shows that Glabridin is a small molecule inhibitor of the
cGAS-STING pathway and is expected to provide a ref-
erence for the development of inhibitors of the cGAS-
STING pathway.

Materials and methods

Animals

C57BL/6 ] female mice, weighing 18-20 g, aged 8 weeks,
were obtained from SPF Biotechnology Co., Ltd. (Beijing,
China). Trex1~/~ mice were licensed by Dr. Tao Li from
the National Center of Biomedical Analysis (NCBA) (Bei-
jing, China), male and female TrexI~'~ mice were further
mated to generate mice that were genotyped by standard
PCR, and 4-week-old littermates of Trex1~/~ mice were
started with injections of excipients and Glab. The ani-
mals are kept in a suitable environment with free access
to food and water, and bedding is changed on time. All
animal manipulations in the experiments were per-
formed in accordance with the regulations and with the
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least possible suffering of the mice and the number of
mice used in the experiments.

Cell culture

The Bone-marrow-derived macrophages (BMDMs) used
in this study were obtained from healthy female mice,
then cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% Certified fetal bovine serum
(FBS, VivaCell, Shanghai, China), 1% penicillin/strepto-
mycin and 50 ng/mL murine macrophage colony-stimu-
lating factor (MCSF). PBMC is obtained from the blood
of healthy volunteers and later cultured in RPMI-1640
medium. HEK-293 and HEK-293 T cells were cultured
in DMEM. All cells were grown according to the require-
ments in the ATCC database.

Antibodies and reagents

Antibodies and Reagents

Rabbit monoclonal anti-Phos- GeneTex GTX86691
pho-IRF-3

Rabbit monoclonal anti-Phos- Abcam ab76493 Ser386
pho-IRF-3

IRF3 polyclonal antibody Proteintech 11312-1-AP
TMEM173/STING polyclonal Proteintech 19851-1-AP
antibody

TBK1 polyclonal antibody Proteintech 28397-1-AP
HSP90 polyclonal antibody Proteintech 13171-1-AP
Glabridin MedChemExpress  HY-N0393
2'3'-cGAMP APEBIO B8362
Herring testis DNA Sigma D6898
DMSO Sigma D2650
Protease inhibitor cocktail C0001 TargetMol
Mouse IFN- ELISA kit Invivogen luex-mifnbv2
Mouse IL-6 ELISA kit Dakewe 1210602
Mouse TNF-a ELISA kit Dakewe 1217202
StarFect Transfection Reagent GenStar C101-10

RT Master Mix for gPCR Il MedChemExpress  HY-KO510A
SYBR Green gPCR Master Mix MedChemExpress  HY-K0522 A2220
(Low ROX) Sigma C04001
Anti-FLAG® M2 Affinity Gel VivaCell,

Certified Fetal Bovine Serum

Activation of the cGAS-STING signaling pathway

In vivo experiments, we selected healthy 8-week-old
female C57BL/6 ] mice. Mice were injected i.p. with Glab
(20 or 40 mg/kg) for 1 h and were then injected i.p. with
DMXAA (25 mg/kg). Four hours later, we sacrificed the
mice, collected the serum samples, and washed the mice’s
abdominal cavity with pre-cooled PBS to obtain the peri-
toneal lavage solution.
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In the Trex]1”~ mice autoinflammatory response
assay, WT and Trex1~'~ mice were housed together and
Glab (40 mg/kg) was injected intraperitoneally daily for
14 days, then the heart, tongue, muscle, stomach, kidney
and intestine tissues were collected, part of this is used
to detect mRNA expression of interferon-related genes
and inflammatory factors by qPCR, and another portion
is used for histological examination.

In vitro experiments, we inoculated BMDM:s at 1x 10°
cells/mL with 1.0 mL in 12-well plates, and after the cells
were fully apposed, BMDMs were treated with DMSO or
Glab for 1 h, then stimulated with HT-DNA and Poly(I:C)
for 2 h. Cells were lysed by loading with 1XRIPA and
whole cell lysates were collected, and then Western Blots
analysis of the corresponding protein expression was
performed.

Western blotting
The specific experimental steps and precautions for west-
ern blotting are described previously (Wang et al. 2019).

Enzyme-linked immunosorbent assay

The secretion of IFN-P in serum and peritoneal lavage
fluid samples was measured by Mouse IFN-B ELISA kit
(Invivogen, luex-mifnbv2). IL-6 and TNF-a secretion
measured by Mouse IL-6 ELISA kit (1210602, Dakewe
Beijing) and Mouse TNF-a ELISA kit (1217202, Dakewe,
Beijing). All experimental steps were performed accord-
ing to the instructions.

STING oligomerization assay

The STING oligomerization assay was performed as
described previously (Li et al. 2018a, b). BMDMs were
first treated with DMSO and Glab for 1 h and then stim-
ulated with cGAMP for 2 h. Cells are lysed with a lysis
solution [50 mM Tris—HCI, 150 mM NaCl, 0.5% Triton
X-100, (pH 7.5)] containing the protease inhibitor at 4 °C
for 15 min, with shaking at intervals of several minutes to
allow fuller lysis. After centrifugation at 4 °C, 8000 %X g for
15 min, the cell supernatant was collected. Then adding
1 xloading without SDS, it was subsequently loaded into
a natural PAGE gel without SDS and run at 80 mA for
2 h, followed by immunoblotting with the corresponding
antibody.

Transfection experiments

HEK-293 cells were planted at a density of 5x10° in
24-well plates at 0.5 mL per well. after complete cells
were fully apposed. the cells were transfected with Flag-
tagged plasmids (STING, IRF3, TBK1, MAVS) for 12 h
and then treated with 20 pM Glab for 6 h. after 6 h,
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samples for WB were collected by lysis with 1XRIPA
loading and samples for qPCR were lysed with Trizol.

Immunoprecipitation

HEK-293 T cells were seeded at a density of 5.5x10°
in 6-well plates at 2 mL per well, and after complete
apposition, cells were transfected with Flag-tagged plas-
mids (Flag-Vector, Flag-IRF3) and HA-tagged plasmids
(HA-Vector, HA-STING) for 18 h. Subsequently, treated
with 20 uM Glab for 6 h. Cells were lysed with the lysis
buffer (50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 0.25%
Sodium deoxycholate, 1% Triton X-100, 0.5% NP-40,
2 mM EDTA) containing complete protease inhibitor
cocktail. The lysate was collected and centrifuged at 4 °C,
12000x g for 15 min, then a portion of the supernatant
was aspirated as input. For immunoprecipitation, the
supernatant was incubated with Anti-FLAG® M2 Affin-
ity Gel for 4 h according to the instructions. Followed
by centrifugation at 4 °C, 750X g for 5 min, flipped to
mix well, and washed with lysate, and the above opera-
tion was repeated 4 times. The samples were then added
to 1xXSDS-PAGE loaded immunoprecipitation analysis
buffer, followed by immunoblotting with the appropriate
antibodies to analyses the expression of the correspond-
ing proteins.

cDNA preparation and quantitative PCR

We seeded BMDMs at 1x10° cells/mL with 1.0 mL in
12-well plates. After the cells were fully apposed, they
were treated with DMSO or Glab of various concentra-
tions for 1 h, followed by different stimuli for 4 h. Discard
the cell supernatant, lyse the cells with Trizol, and then
collect in 1.5 mL EP tubes and store at — 20 °C. For RNA
extraction, Follow the RNA extraction kit to perform
the RNA extraction operation. After reverse transcrip-
tion with RT Master Mix for qPCR II (MedChemEx-
press, HY-K0510A), qRT-PCR was performed with SYBR
Green qPCR Master Mix (Low ROX) (MedChemExpress,
HY-K0522).

Statistical analyses

In this study, we used GraphPad 8.0 software and Excel
to perform statistical analysis of the sample values. All
experimental data are expressed as mean tstandard
deviations (SEM). The unpaired student #-test was used
to compare the statistical differences between the two
groups. One-way ANOVA with Dunnett’s post hoc test
was used to compare statistical differences between mul-
tiple groups. The difference was considered statistically
significant at P<0.05, "P<0.01, and = P<0.001. NS, not
significant.

Quantitative PCR primer sequences
RT-PCR gene selection according to MIQE guidelines

(Bustin et al. 2009).
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Target gene name

Gene Sequence
(5-3)

Source

Human Actin

Human IFN-(

Human IL-6

Human TNF-a

Mouse Actin

Mouse IFN-f3

Mouse IL-6

Mouse TNF-a

Mouse CXCL10

Mouse ISG15

CATGTACGTTGCTAT
CCAGGC

CTCCTTAATGTCACG
CACGAT

TCCAAATTGCTCTCC
TGTTG

GCAGTATTCAAGCCT
CCCAT

ACTCACCTCTTCAGA
ACGAATTG

CCATCTTTGGAAGGT
TCAGGTTG

CCTCTCTCTAATCAG
CCCTCTG

GAGGACCTGGGAGTA
GATGAG

GGCTGTATTCCCCTC
CATCG

CCAGTTGGTAACAAT
GCCATGT

TCCGAGCAGAGATCT
TCAGGAA

TGCAACCACCACTCA
TTCTGAG

CACTTCACAAGTCGG
AGGCT

CTGCAAGTGCATCAT
CGTTGT

GGGCAGTTAGGCATG
GGAT

TGAGCCTTTTAGGCT
TCCCAG

ATCATCCCTGCGAGC
CTATCCT

GACCTT GGCTA
AACGCTTTC

GGTGTCCGTGACTAA
CTCCAT

CTGTACCACTAGCAT
CACTGTG

From PMID: 33142842

From PMID: 35577759

From PMID: 27286733

From PMID: 27286733

From prime bank,

ID: 11461

From PMID: 35577759

From PMID: 27286733

From PMID: 27286733

From PMID: 27286733

From prime bank,

ID 226874850c¢1

Results

Glab inhibits the activation of cGAS-STING signaling

pathway in BMDMs

To assess the effect of Glab (Fig. 1A) in licorice on the
cGAS-STING signaling pathway. In BMDMs, the cGAS-
STING signaling pathway was first treated with Glab
with a certain concentration for 1 h and then activated
with herring testes DNA (HT-DNA), an abnormal dou-
ble-stranded DNA that, upon entering the cytoplasm, is
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Fig. 1 Glab inhibits the activation of the cGAS-STING signaling pathway. A Glabridin (Glab) structure. B and C BMDMs were first treated

with DMSO or Glab of various concentrations for 1 h, and then stimulated with HT-DNA or Poly(l:C) for 2 h. Whole cell lysate (WCL) was collected
and immunoblotted with the indicated antibody. D-F BMDMs were treated with DMSO or Glab of various concentrations for 1 h, and then
stimulated with HT-DNA for 4 h. The expression of IFN-@, IL-6 and TNF-a mRNA level were detected by quantitative polymerase chain reaction
(gPCR) assay. G-1 BMDMs were treated with DMSO or Glab of various concentrations for 1 h and then stimulated with Poly(:C) for 4 h. The
expression of IFN-B3, IL-6 and TNF-a mRNA were detected by gPCR assay. Data in D-I are presented as mean + SEM from three biological replicates.
one-way ANOVA and Dunnett’s post hoc test were used to assess the differences of multiple groups, p<0.05, “p<0.01and "~ "p<0.001 vs.

the control, NS, not significant

sensed by the signaling receptor cGAS, which activates
the cGAS-STING pathway. As shown in Fig. 1B, Glab
treatment dramatically inhibited the activation of STING
and IRF3 in BMDMs. In parallel, we examined the gene
expression of downstream type I interferons and pro-
inflammatory factors activated by HT-DNA after Glab

treatment. As expected, the expression of IFN-p, IL-6 and
TNF-a were reduced after Glab treatment (Fig. 1D-F). In
addition, poly(I:C) is a synthetic aberrant RNA that acti-
vates the Rig-1-MAVS pathway, which can also lead to
increased IRF3 activation and expression of interferon-
related genes as well as inflammatory factors. However,
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in our experiments, Glab did not affect the expression of
related proteins and genes under poly(I:C) stimulation
(Fig. 1C, G-I). In summary, these data suggest that Glab
can specifically inhibit the activation of ¢cGAS-STING
signaling pathway in BMDMs.

In BMDMs and human PBMC s, Glab is a broad-spectrum
inhibitor of the cGAS-STING pathway

To verify whether Glab has a broad-spectrum inhibi-
tory effect on the cGAS-STING signaling pathway, we
observed the effect of Glab on the cGAS-STING path-
way induced by various stimuli. cGAMP, DMXAA and
dIABZI are all agonists that target STING and all acti-
vate the cGAS-STING signalling pathway at the cellular
level. During the study, it was found that Glab effectively
inhibited STING and IRF3 activation induced by these
agonists in BMDMs (Fig. 2A). Also, at the mRNA level
we obtained the same results (Fig. 2C—E). On the other
hand, the same experiments were performed in human
peripheral blood mononuclear cells (PBMCs) obtained
from healthy volunteers. We found that Glab treatment
effectively inhibited the activated IRF3 (where DMXAA
can only activate the cGAS-STING signalling pathway in
mouse cells) (Fig. 2B), the expected results were obtained
by detecting the gene expression of both type I interferon
and pro-inflammatory factors (Fig. 2F-H). Notably, in
PBMC s, a certain degree of inhibition of phosphoryl-
ated IRF3 appeared in response to Poly(I:C) stimulation,
and we speculate that this phenomenon may be due to
the fact that the corresponding molecular mechanisms of
action are also different in different cells. Taken together,
these results suggest that Glab is a broad-spectrum inhib-
itor of the cGAS-STING signaling pathway in BMDM:s
and human PBMCs.

Glab inhibits the activation of STING and downstream
signaling pathway in Vivo

Moreover, we investigated the effect of Glab on the
cGAS-STING pathway in mice in vivo. DMXAA is a
molecule agonist that targets STING and activates the
cGAS-STING pathway in mice (Ding et al. 2020). In
this experiment, we set up the low-dose (20 mg/kg)
and high-dose group (40 mg/kg). One hour after intra-
peritoneal injection of Glab, mice were injected with
DMXAA (25 mg/kg), serum and peritoneal lavage fluid
were collected 4 h after stimulation. Under the activa-
tion of DMXAA, mice will undergo a severe inflamma-
tory response within a short period of time, and the level
of inflammatory factors in the serum will be elevated, as
well as the inflammatory response of single nucleated
cells and macrophages in the peritoneal cavity of mice.
The levels of IFN-pB, IL-6 and TNF-« in serum and peri-
toneal lavage fluid were then measured by ELISA Kkits.
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The results showed that the levels of IFN-B, IL-6 and
TNEF-a were increased in the model group, while the lev-
els of the factors in the serum and peritoneal lavage fluid
were decreased after Glab treatment (Fig. 3A—F). We also
obtained the same results by analyzing the mRNA levels
of IFN-B, IL-6 and TNF-a in the cells in the peritoneal
lavage fluid (Fig. 3G-I). Combined with the above results,
it shows that Glab can in organisms effectively inhibit the
activation of cGAS-STING signaling pathway.

Glab inhibits the cGAS-STING pathway by disrupting
the STING-IRF3 interaction
From the above results, we know that Glab can effectively
inhibit the cGAS-STING signaling pathway. It has been
shown that by transfecting key node proteins on the sig-
nalling pathway (such as MAVs, STING, TBK1 and IRF3),
it can also lead to the activation of downstream signalling
pathways (Li et al. 2018a, b). To determine the specific
target proteins of Glab, Flag-tagged plasmids (MAVS,
STING, TBK1 and IRF3) were overexpressed in HEK-293
cells in the presence or absence of Glab, and the expres-
sion of IFN-p mRNA level was detected by qPCR assay.
The results showed that Glab treatment reduced the
expression of IFN-f mRNA caused by transfection with
Flag-STING and there was no effect on the expression
of genes induced by overexpression of MAVS, TBK1 or
IRF3 (Fig. 4A). Based on the experimental results, we
guessed that Glab might act on STING. Further study we
wanted to know if Glab had an effect on the oligomeriza-
tion of STING and the results showed no effect (Fig. 4B).
Furthermore, STING oligomerizes and undergoes trans-
location upon binding to cGAMP, which then recruits
and activates the TBK1 kinase, and the transcription fac-
tor IRF3 with STING-TBKI1 signalosome is subsequently
recruited and activated, which then enters the nucleus
to regulate the expression of relevant genes (Zhao et al.
2023). In HEK-293 T cells we investigated the exact
mechanism of the Glab action on the cGAS-STING sig-
nalling pathway by transfecting the exogenous plasmids
(HA-STING, Flag-TBK1 and Flag-IRF3). The results
showed that treatment of Glab in HEK-293 T cells inhib-
ited the interaction between STING and IRF3, but had
no effect on the binding of STING-TBK1 (Fig. 4C-E). In
conclusion, the results suggest that Glab acts to inhibit
the cGAS-STING signaling pathway by acting on STING
and disrupting the interaction between STING and IRF3.

Glab alleviates the autoinflammatory response in Trex1~/~
mice

Previous studies have concluded that Glab has a great
inhibitory effect on the cGAS-STING signalling path-
way in vitro. We speculated whether Glab could miti-
gate immune hyperactivation and AID. A link between
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Fig. 2 Glab is a specific inhibitor of the cGAS-STING signaling pathway. A BMDMs were first treated with DMSO or Glab (20 uM) for 1 h, then
stimulated with HT-DNA, Poly(:C), cGAMP, DMXAA and diABZI to analyze the phosphorylation of IRF3 and the expression of STING in whole cell
lysates (WCL) by immunoblotting. B Human PBMCs were first treated with DMSO or Glab (20 uM) for 1 h, and then stimulated with Poly(l:C),
cGAMP and diABZI for 2 h. Whole cell lysate was collected and immunoblotted with the indicated antibody. (C-E) BMDMs were first treated

with Glab (20 uM) for 1 h and then stimulated with HT-DNA, Poly(l:C), cGAMP, DMXAA and diABZI for 4 h. The expression of IFN-, IL.-6 and TNF-a
mRNA were detected by gqPCR assay. F-H Human PBMCs were first treated with Glab (20 uM) for 1 h and then stimulated with HT-DNA, Poly(l:C),
cGAMP and diABZI for 4 h. The expression of IFN-{3, IL-6 and TNF-a mRNA were detected by qPCR assay. Data in (C-H) are expressed as mean + SEM
(n=3/group, from three biological replicates.). Unpaired student t-test C—H was used to assess differences among groups, p<0.05, "p<0.01

and "p<0.001 vs. the control, NS, not significant

compound targeting of STING and auto-inflammatory
responses in TrexI ™~ mice has also been recently dem-
onstrated (Vanpouille-Box et al. 2017). With wild-
type C57BL/6 mice as the control, we observed the

ameliorative effect of Glab (40 mg/kg) on autoimmune
diseases in Trex1 ™'~ mice by daily intraperitoneal injec-
tion. Tissues were collected from various parts of the
mice on the fourteenth day. The histological results
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Fig. 3 Glab inhibits the activation of STING and downstream signaling pathway in vivo. A-C Determination of IFN-{3 (A), IL-6 (B) and TNF-a (C)
concentrations in collected serum by ELISA kits (n=6 mice per group). D-F Determination of IFN-{3 (D), IL-6 (E) and TNF-a (F) concentrations

in collected peritoneal lavage fluid by ELISA kits (n=6 mice per group). G-I Cells were collected by centrifugation of peritoneal lavage fluid

and analyzed for mRNA expression of relevant genes by gPCR assay (n=6 mice per group). Data in (A-I) are expressed as mean +SEM (n=6 mice
per group). one-way ANOVA and Dunnett’s post hoc test were used to assess differences among groups, p<0.05, p<0.01 and ~ p<0.001 vs.

the control, NS, not significant

showed that in the heart, tongue, muscle, stomach, kid-
ney and intestinal tissues of WT and Trexl ~/~ mice, the
WT mice showed normal histology, the TrexI™~ mice
showed a marked inflammatory response with increased
inflammatory infiltration, and the Glab group showed a
gradual reduction in the inflammatory response (Fig. 5A).
This suggests that Glab exerts a therapeutic effect on the
inflammatory response during this process. Meanwhile,
we examined the expression of the same genes in differ-
ent tissues of WT and TrexI™~ mice and showed that
the expression of type I interferon-related genes (IFN-
B, CXCXL10 and ISG15) as well as pro-inflammatory
cytokines (IL-6 and TNF-a) were consistently suppressed

in the heart, tongue, muscle, stomach, kidney and intes-
tine after 14 days of continuous administration of Glab
(40 mg/kg) (Fig. 5B—G). In summary, these results sug-
gest that Glab is effective in reducing the inflammatory
response in TrexI ™~ mice.

Discussion

Existing studies suggest that the cGAS-STING signal-
ing pathway is the primary pathway that mediates DNA
immune responses in vivo (Ma et al. 2015; Chen et al.
2016). cGAS is present in the cytoplasm as a pattern rec-
ognition receptor that recognizes abnormal cytoplasmic
DNA, catalyzes the synthesis of cGAMP, subsequently
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Fig.4 Glab inhibits the activation of the cGAS-STING pathway by disrupting the STING-IRF3 interaction. A Transfection of Flag-tagged plasmids
(Flag-MAVS, Flag-STING, Flag-TBK1 and Flag-IRF3) into HEK-293 cells for 12 h, and then treated with vehicle, Glab (20 uM) for 6 h. Whole cell
lysates were collected and immunoblotted with the indicated antibody. Samples for gPCR were detected by qPCR assay for the expression

of IFN-B mRNA. B BMDMs were first treated with DMSO or Glab (20 uM) for 1 h and then stimulated with cGAMP for 2 h. The expression of STING
and the oligomerization of SITNG in the cell lysate were analyzed by Western blot with the indicated antibodies. C and D HEK-293 T cells were
transfected with Flag-tagged plasmids (Flag-Vector, Flag-IRF3 and Flag-TBK1) and HA-tagged plasmids (HA-Vector and HA-STING) for 20 h, then
treated with Glab (20 uM) for 6 h and immunoprecipitated with Anti-FLAG® M2 Affinity Gel, as shown by Western Blots analysis. Data in A are
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induces SITING activation and signals to TBK1/IRF3,
which ultimately induces the expression of t-type I
interferon and related cytokines, and ultimately acti-
vates intrinsic immunity (Li et al. 2020). Given the role
of cGAS-STING in intrinsic immunity, the search for a
compound that can effectively inhibit the over-activa-
tion of this pathway is considered a promising interven-
tion strategy for the treatment of autoimmune diseases
(Decout et al. 2021; Hu et al. 2022). The results of this
study show that Glab effectively inhibits the activation
of the cGAS-STING signalling pathway both in vitro and
in vivo. This suggests that Glab has the potential to be an

effective drug candidate for autoimmune diseases medi-
ated by the cGAS-STING signaling pathway.

Previous studies have reported that Glab exerts anti-
inflammatory effects through inhibition of NF-kB and
MAPK signalling pathways (Kim et al. 2010; Zhang et al.
2023). In our study, we found that Glab effectively inhib-
ited the activation of the cGAS-STING signalling path-
way caused by HT-DNA, cGAMP, DMXAA and diABZI
in BMDMs, while at the genetic level, Glab also effec-
tively inhibited the elevated expression of interferons
and inflammatory factors caused by the activation of the
cGAS-STING pathway. This suggests that Glab inhibits
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the activation of the cGAS-STING signalling pathway
in vitro. Meanwhile, Glab would have no influence on
poly(I:C)-induced RIG-1-MAVS pathway., indicating
that Glab is a specific inhibitor of the cGAS-STING path-
way in BMDMs, Interestingly, in human PBMCs, there
was an inhibitory effect of Glab on multiple stimulus-
induced activation of the cGAS-STING signalling path-
way, and also inhibited the RIG-1-MAVs pathway to a
certain extent in response to Poly(I:C) stimulation. We
speculate that it may be that the molecular mechanism of
action of Glab differs in different cells, and further stud-
ies may be needed to investigate the occurrence of this
phenomenon.

STING plays an important role in the cGAS-STING
signalling pathway. After receiving intracellular signals
from the second messenger cGAMP, recruiting TBK1
to form STING-TBK1 signalosome and subsequently
phosphorylating IRF3 to form dimers into the nucleus
to activate related gene expression (Han et al. 2021; Ke
et al. 2022). As shown in Fig. 4A, we speculate that Glab’s
site of action may be located downstream of STING. It
was also interesting to find that transfection of wild-type
IRF3 in HEK-293 could serve to activate type I interferon
expression, as IRF3-5D is commonly used in such studies
(Yang et al. 2022) Through the investigation of Glabridin
target proteins, we found that the site of action is located
on STING but does not affect STING oligomerization.
Further studies revealed that Glab inhibited the interac-
tion of STING with IRF3, but had no effect on STING-
TBKlinteraction. This may explain why Glab specifically
inhibits the activation of the cGAS-STING signalling
pathway without affecting the activation of the RIG-1-
MAVS pathway.

Various causes lead to inflammation and stimulate
the release of large amounts of DNA and RNA-con-
taining cellular debris. cGAS-STING pathway is rapidly
activated and initiates host immunity to rapidly defend
against external adverse events, but chronic and contin-
uous activation of this pathway is also a cause of auto-
immune diseases (Ou et al. 2021; Zhang et al. 2022a,
b). In the TrexI™~ mouse experiments, Trexl ™~ mice
exhibited organs that were notably diseased, as shown
in Fig. 5, and the results of qPCR performed on the tis-
sues showed elevated levels of type I interferons and
inflammatory factors in all six organs. However, after
two weeks of Glab administration, a significant thera-
peutic effect was demonstrated. These results suggest
that Glab can improve autoimmune diseases mediated
by the cGAS-STING pathway. However, the cGAS-
STING signaling pathway is not limited to autoimmune
diseases and inflammation, but plays an important role
in many physiological and pathological processes, such
as host defense against microbial infections, antitumor
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immunity, cellular senescence, and autophagy (Hou
et al. 2021; Hong et al. 2023). In the present study, we
found that Glabridin, a flavonoid component of licorice,
could inhibit ¢cGAS-STING signaling pathway well
in vivo and in vitro, and could improve tissue inflam-
mation well after administration to TrexI™~ mice.
However, whether it also has good therapeutic effects
on other inflammatory conditions, or on other diseases
caused by cGAS-STING, remains to be researched.

Conclusion

In this study, we found that the active component of
Glabridin in licorice flavonoids can inhibit the cGAS-
STING signalling pathway both in vivo and in vitro and
exert therapeutic effects in autoimmune diseases medi-
ated by Trex1™’~, and also provide a reference for the
use of Glabridin in the treatment of autoimmune dis-
eases mediated by the cGAS-STING pathway.
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