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[ABSTRACT] In the realm of autoimmune and inflammatory diseases, the cyclic GMP-AMP synthase (cGAS) stimulator of interfer-
on genes (STING) signaling pathway has been thoroughly investigated and established. Despite this, the clinical approval of drugs tar-
geting the cGAS-STING pathway has been limited. The Total glucosides of paeony (TGP) is highly anti-inflammatory and is com-
monly used in the treatment of rheumatoid arthritis (RA), emerged as a subject of our study. We found that the TGP markedly reduced
the activation of the cGAS-STING signaling pathway, triggered by various cGAS-STING agonists, in mouse bone marrow-derived
macrophages (BMDM:s) and Tohoku Hospital Pediatrics-1 (THP-1) cells. This inhibition was noted alongside the suppression of inter-
feron regulatory factor 3 (IRF3) phosphorylation and the expression of interferon-beta (IFN-f), C-X-C motif chemokine ligand 10
(CXCL10), and inflammatory mediators such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). The mechanism of ac-
tion appeared to involve the TGP’s attenuation of the STING-IRF3 interaction, without affecting STING oligomerization, thereby in-
hibiting the activation of downstream signaling pathways. /n vivo, the TGP hindered the initiation of the cGAS-STING pathway by the
STING agonist dimethylxanthenone-4-acetic acid (DMXAA) and exhibited promising therapeutic effects in a model of acute liver in-
jury induced by lipopolysaccharide (LPS) and D-galactosamine (D-GalN). Our findings underscore the potential of the TGP as an ef-
fective inhibitor of the cGAS-STING pathway, offering a new treatment avenue for inflammatory and autoimmune diseases mediated
by this pathway.
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Introduction

The cyclic GMP-AMP synthase (cGAS) stimulator of in-
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terferon genes (STING) pathway, a pivotal component of the
innate immune system’s threat detection mechanism, has
garnered significant global attention in recent years [" . Ac-
cumulating evidence indicates that the cGAS-STING path-
way is implicated in the regulation of inflammation, autoim-
mune diseases, and antitumor immunity, extending beyond its
established role in the innate immune response to microbial
invasion ["**. The cytosolic DNA sensor cGAS catalyzes the
conversion of ATP and GTP into the unconventional cyclic
dinucleotide (CDN) ¢[G(2', 5")pA(3’, 5")p], also known as 2'3'-
cGAMP. This CDN, along with bacterial CDNs such as c-di-
GMP and c-di-AMP, binds to and activates the endoplasmic
reticulum (ER)-associated stimulator of STING. Upon activa-
tion, STING translocates from the ER to perinuclear vesicles
through the Golgi apparatus. The recruitment and activation
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of Tank-binding kinase 1 (TBK1) by STING subsequently
occurs, leading to the phosphorylation of IRF3. Activated
IRF3 then dimerizes and enters the nucleus, effectively initi-
ating the expression of IFN P71 Additionally, the activation
of STING triggers nuclear factor-kappa B (NF-«xB) signaling
via TBK1 and tumor necrosis factor receptor-associated
factor 6 (TRAF6), culminating in the release of pro-inflam-
matory cytokines such as tumor necrosis factor-alpha (TNF-
) and interleukin-6 (IL-6) ™ ?. Thus, the cGAS-STING path-
way is crucial in fortifying the host immune system against
microbial threats.

However, the hyperactivation of the cGAS-STING path-
way can precipitate a variety of autoimmune and inflammat-
ory conditions """, STING-associated vasculopathy with on-
set in infancy (SAVI) is an example of such a condition,
manifesting as a systemic inflammatory disease character-
ized by vasculitis and pulmonary fibrosis, associated with in-
creased functional mutations in the STING gene ', Indi-
viduals afflicted with systemic autoimmune diseases, such as
systemic lupus erythematosus (SLE), Sjogren’s syndrome
(SS), scleroderma, and dermatomyositis, exhibit prolonged
upregulation of IFN expression. This elevated type I IFN ex-
pression is conclusively linked to the activation of the cGAS-
STING_pathway "> ! In animal studies, hepatitis B virus
(HBV) has been shown to evade immune detection by sup-
pressing cGAS-STING expression and signaling " Mice de-
ficient in functional cGAS or STING exhibit significant res-
istance to myocardial infarction, suggesting a protective role
against this severe cardiovascular disease """ Activation of
the cGAS-STING pathway was also observed in lupus-prone
TREX1-D18N mutants and Fcgr2b knockout mice, indicat-
ing its involvement in these autoimmune models '® ', Addi-
tionally, exposure to lipopolysaccharide (LPS) and D-
galactosamine (D-GalN) has been identified as a trigger for
the release of mitochondrial DNA (mtDNA) into the cytosol,
leading to excessive activation of the cGAS signaling cas-
cade. This aberrant activation results in hepatocyte death and,
ultimately, acute liver failure "* ' LPS is known to in-
crease the release of pro-inflammatory cytokines and the pro-
duction of reactive oxygen species (ROS), while D-GalN im-
pairs RNA metabolism in hepatocytes, contributing to liver
damage " Despite the discovery of numerous STING inhib-
itors in recent years, only a limited number of these agents
have reached clinical use for the prevention and treatment of
inflammatory and autoimmune diseases related to the cGAS-
STING pathway.

In 1998, the China Food and Drug Administration gran-
ted approval for the Total glucosides of pacony (TGP) cap-
sule to be marketed for the treatment of rheumatoid arthritis
(RA) following clinical trials *'"". Additionally, TGP has been
recommended for managing various autoimmune disorders,
including SLE, SS, psoriasis, diabetes, diabetic nephropathy,
ankylosing spondylitis, and immunological liver injury,
among others. Recent studies have further highlighted the
TGP’s impact on several inflammation-associated signaling
pathways, notably the NF-xB and PI3K/Akt pathways **,

®

This evidence led to speculation regarding the TGP’s poten-
tial effects on the cGAS-STING pathway and, by extension,
its influence on autoimmunity and inflammatory diseases as-
sociated with this pathway, necessitating further investiga-
tion.

In our study, we identified that the TGP might act as an
inhibitor of the cGAS-STING signaling pathway. Specific-
ally, the TGP inhibits the STING-IRF3 interaction, thus pre-
venting the activation of the cGAS-STING pathway. Notably,
it does not interfere with STING oligomerization or the inter-
actions between STING-TBK1 or TBK1-IRF3. Moreover, the
TGP demonstrated effective therapeutic outcomes in models
induced by the STING agonist dimethylxanthenone-4-acetic
acid (DMXAA) and in models of acute liver injury (ALI) in-
duced by LPS and D-GalN. Consequently, we propose that
the TGP may offer therapeutic benefits for autoimmune and
inflammatory diseases associated with the cGAS-STING
pathway. This novel insight holds potential for further clinic-
al validation and application.

Materials and Methods

Animals

C57BL/6 mice aged 6—8 weeks and weighing 18-22 g
were obtained from the Beijing Specific Pathogen-Free (SPF)
Biotechnology Company Limited. These mice were acclimat-
ized for one week in a sterile laboratory environment de-
signed for mice, under a 12-hour light-dark cycle. They had
access to clean drinking water and were provided with fresh
mouse food daily. The room temperature was maintained at
25 + 2°C. The Animal Health Committee of the Fifth Medic-
al Center of the Chinese General Hospital of the People’s
Liberation Army granted approval for all the animal experi-
mental studies conducted.
Cell culture

Bone marrow-derived macrophages (BMDMs) were isol-
ated from the femurs of an 8-week-old female CS57BL/6
mouse and cultured in Dulbecco’s Modified Eagle Medium
(DMEM). Tohoku Hospital Pediatrics-1 (THP-1) human
leukemia monocytes were maintained in Roswell Park Me-
morial Institute (RPMI) 1640 medium, while human em-
bryonic kidney (HEK-293T) cells were grown in DMEM. All
culture media were supplemented with 10% fetal bovine ser-
um (FBS) and 1% penicillin-streptomycin. The incubation
conditions for all cell types were set at 37 °C with a 5% CO,
atmosphere.
Reagents and antibodies

Opti-MEM  (2427634)
(CC004) were sourced from Macgene (Beijing, China).
DMEM (PYG0073) and RPMI 1640 (PYG0006) were ac-
quired from BOSTER (Wuhan, China), while Fetal Bovine
Serum (FBS) was purchased from VivaCell (Shanghai,
China). Murine macrophage colony-stimulating factor (M-
CSF), 2’3’-cGAMP (HY-100564), Vadimezan (DMXAA)
(HY-10964), diABZI STING agonist-1 trihydrochloride (di-
ABZI) (HY-112921B), Phorbol 12-myristate 13-acetate

and Penicillin-Streptomycin
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(PMA) (HY-18739), and H-151 (HY-112693) were all pro-
cured from Med Chem Express (Shanghai, China). DMSO
(D2650) and LPS (12880) were obtained from Sigma-Ald-
rich (St. Louis, MO, USA), and DMXAA (DM0234) from
Chengdu Durst Biotechnology Co., Ltd. (Chengdu, China). D-
GalN (G8110) came from Solarbio (Beijing, China). The Pro-
tease Inhibitors Cocktail (C0001) was supplied by TargetMol
(Shanghai, China), and the Color Prestained Protein Marker
by Vazyme (Beijing, China).

Rabbit monoclonal anti-Phospho-IRF-3 antibody (1 :
2000, 86691) was supplied by Gene Tex (Texas, USA). Poly-

Table 1 DNA oligonucleotides sequences

clonal antibodies for TMEM173/STING (1 : 3000, 19851-1-
AP), IRF3 (1 : 5000, 11312-1-AP), and HSP90 (1 : 5000,
13171-1-AP), along with Anti-DDDK tag (1 : 5000, 0543-1-
AP) and HA tag polyclonal antibodies (1 : 5000, 51064-2-
AP), were provided by Proteintech Group (Chicago, USA).

Equimolar amounts of sense and antisense DNA oligo-
nucleotides were annealed at 95 °C for 10 min and then al-
lowed to cool to room temperature to synthesize interferon
stimulatory DNA (ISD) at a concentration of 1.375 mg-mL™".
The sequences of the DNA oligonucleotides used are
provided in Table 1.

Target gene

Sequence (5'-3')

TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA

ISD

TGTAGATCATGTACAGATCAGTCATAGATCACTAGTAGATCTGTA

Quality control of the TGP Capsule

The TGP Capsule (220420) was purchased from Ningbo
Liwah Pharmaceutical Co., Ltd. (Ningbo, China). Chromato-
graphic analyses were performed using an Agilent ZORBAX
RRHD SB-Cg column (2.1 mm X 50 mm, 1.8 pm). The mo-
bile phases consisted of 0.1% phosphoric acid. The injection
volume was set at 5 pL, with a flow rate of 0.2 mL-min .
The high-performance liquid chromatography (HPLC) chro-
matogram of TGP is depicted in Fig. 1. The principal com-
ponents of TGP were identified by comparing the retention
times of the chromatographic peaks with those of known
chemical reference standards. A total of 10 peaks were ob-
served in the chromatogram, with the fifth peak identified as
Paeoniflorin (PA), comprising approximately 42% of the
TGP composition based on external standardization of the
peak area relative to the standard. The detailed results from

0.80 5

0.60 | 3

AU

0.40 | 1

0.20 |

the analysis of the TGP content are provided in Table 2.

BMDMs and THP-1 cells were seeded in 96-well plates
at a concentration of 1.2 x 10° cellsmL™. Following
overnight incubation at 37 °C, the supernatant was removed,
and the cells were treated with media containing varying con-
centrations of TGP for an additional 12 h. To assess cell viab-
ility, cells were incubated for 1 h with a cell counting kit-8
(CCK-8) solution (Abbkine, KTC1020-10000T, Wuhan,
China). The absorbance at 450 nm was measured using a Mi-
croplate Reader (SpectraMax Absorbance Reader CMax Plus,
Molecular Devices, BioTek, USA). The effect of the drugs on
cell viability was determined by analyzing the optical density
(OD) values.
Western blotting assay

To assess the protein expression of p-IRF3, IRF3, and
STING, we conducted Western blotting assay using HSP90

8 10
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140 | 5
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Fig. 1 HPLC analysis of the TGP Capsule. The chromatographic profile of TGP Capsule. The injection volume and the flow
rate were 5 pL and 0.2 mL-min"". (A) Mixed standard of a reference substance. (B) TGP Capsule. Peak 1: Gallic acid, Peak 2:
Oxypaeoniflorin, Peak 3: Catechin, Peak 4: Albiflorin, Peak 5: Paeoniflorin, Peak 6: Ethyl gallate, Peak 7: Galloyl paeoniflorin,
Peak 8: 1,2,3,4,6-O-pentagalloylglucose, Peak 9: Benzoyloxypaeoniflorin, Peak 10: Benzoylpaeoniflorin
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Table 2 TGP Capsule sample content measurement results (mg-g ")

Serial number Sample 1 Sample 2 Average value
Oxypaeoniflorin 1.99 2.07 2.0
Albiflorin 143.11 145.12 144.1
Paeoniflorin 420.17 424.03 422.1
Benzoylpaeoniflorin 2.27 2.30 23
1,2,3,4,6-O-pentagalloylglucose 103.32 100.33 101.8

as the loading control. Whole-cell lysates from BMDMs and
THP-1 cells were prepared by gentle agitation in 1x RIPA
buffer containing 50 mmol-L™" Tris-HCI (pH 7.45), 150
mmol-L " NaCl, 1% Triton X-100, 1% sodium deoxycholate,
and supplemented withS x SDS-PAGE loading RIPA buffer.
The protein samples were then heated at 105 °C for 15 min in
a metal bath. After the protein samples were heated at 105 °C
for 15 min in a metal bath, electrophoresis was conducted us-
ing 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). An equal volume of protein was
loaded onto a 10% SDS-PAGE gel and initially ran at 75 V
for 0.5 h. After the protein marker on the separation gel was
pre-stained, the voltage was increased to 135 V, and the run
continued for another hour. Following this, proteins were wet-
transferred to a polyvinylidene fluoride (PVDF) membrane at
100 V for 1 h. The membrane was subsequently blocked with
TBST containing 5% skim milk powder for 1 h. Overnight
incubation at 4°C with the respective primary antibodies fol-
lowed. The next day, after collecting the primary antibody,
the membrane was washed thrice with TBST and then incub-
ated with the corresponding secondary antibody at a dilution
of 1 : 5000 for 1 h. Post-secondary antibody incubation, the
membrane underwent three TBST washes. Protein expres-
sion levels were then visualized using a commercial en-
hanced chemiluminescence (ECL) kit following the manufac-
turer’s instructions, and X-ray films were scanned using an
Epson Perfection V800 photo scanner.

Enzyme-linked immunosorbent assay (ELISA)

Alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels in mouse serum were quantified us-
ing the methods outlined in the ALT and AST assay kits
provided by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). Additionally, the concentrations of TNF-a,
IL-6, and IFN-B in mouse serum and peritoneal lavage fluid
were measured following the protocols of the ELISA kits for
TNF-a (1217202) and IL-6 (1210602) from Dakewe (Shen-
zhen, China), and for mouse IFN-f (EK2236) from Lianke
(Hangzhou, China).

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from cells and liver tissue using
Trizol reagent (Alcatel, 111003, Genstar). This was followed
by cDNA synthesis using the StarScript III All-in-one RT
Mix reverse transcription reagent (A230-10, Genstar), per-
formed in a gene amplifier (peqSTAR 2X, Peqlab, Germany).
The synthesized cDNA was then combined with 2 X RealStar

®

Fast SYBR Green Master Mix (A304-10, Genstar) as per the
provided instructions. The relative expression levels of target
genes were quantified using the “*CT method on a QuantStu-
dio 6 Real-Time PCR system (Gentier 96E, Xi’an, China).
The sequences of the primers used are listed in Table 3.
Immunofluorescence

BMDMs and THP-1 cells were seeded into 96-well
plates and incubated overnight. Following this, the super-
natants were removed, and the cells were treated with a medi-
um containing (200 pg-mL™") TGP for 1 h. Subsequently, di-
ABZI was added to stimulate the cells for 2 h. After stimula-
tion, the supernatants were discarded, and the cells were
washed once with phosphate-buffered saline (PBS) before be-
ing fixed with 4% paraformaldehyde for 30 min. Following
another PBS wash, cells were permeabilized with 0.25% Tri-
ton X-100 for 15 min. Cells were then blocked with a quick-
sealing solution for 1 h at room temperature. Following the
removal of the blocking solution, the cells were incubated
overnight with an IRF3 antibody (1 : 100) or an anti-P65 anti-
body (1 : 100) at 4 °C. The next day, after removing the
primary antibody and washing thrice with PBS, cells were in-
cubated with Alexa Fluor® 488 conjugated goat anti-rabbit
IgG antibody for 1 h at room temperature. Finally, the cells
were stained with Hoechst (1 : 5000) for 15 min to visualize
nuclei. Imaging was performed using a confocal microscope
(FV3000, OLYMPUS).
Immunoprecipitation

HEK-293T cells were plated at a density of 5 x 10°
cellssmL™" in 6-well plates. Upon reaching full adherence,
plasmids encoding Flag-TBK1, HA-STING, Flag-IRF3, and
HA-IRF3 were mixed with transfection reagent and intro-
duced into the cells for 18 h. Subsequently, cells were treated
with TGP (200 pg'mL™") for 6 h. The supernatant was then
removed, and cells were lysed with 600 puL of RIPA buffer
(50 mmol-L™" Tris-HCI, pH 7.4, 150 mmol-L™" NaCl, 1% Tri-
ton X-100, 0.5% sodium deoxycholate) supplemented with
1% protease inhibitor cocktail for 15 min, followed by centri-
fugation at 4 °C and 12 000 r-min”' for 15 min. A portion of
the supernatant was directly mixed with 1 x and 5 x SDS-
PAGE loading RIPA buffer. The remainder of the super-
natant was incubated with anti-Flag M2 affinity beads at 4 °C
for 4 h for immunoprecipitation. After centrifugation, the su-
pernatant was discarded, leaving the anti-Flag M2 affinity
beads, to which 100 uL of mixed 1 x and 5 x SDS-PAGE
loading RIPA buffer was added. Both cell lysates and im-
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Table 3 Quantitative PCR primer sequences

Target gene Sequence (5'-3")
GGCTGTATTCCCCTCCATCG
Mouse Actin
CCAGTTGGTAACAATGCCATGT
TCCGAGCAGAGATCTTCAGGAA
Mouse IFN-f

TGCAACCACCACTCATTCTGAG
ATCATCCCTGCGAGCCTATCCT
Mouse CXCL10
GACCTTTTTTGGCTAAACGCTTTC

GGTGTCCGTGACTAACTCCAT

Mouse ISG15
CTGTACCACTAGCATCACTGTG
GGGCAGTTAGGCATGGGAT
Mouse THF-a.
TGAGCCTTTTAGGCTTCCCAG
CACTTCACAAGTCGGAGGCT
Mouse IL-6

CTGCAAGTGCATCATCGTTGT

CATGTACGTTGCTATCCAGGC
Human Actin
CTCCTTAATGTCACGCACGAT

TCCAAATTGCTCTCCTGTTG
Human /FN-f
GCAGTATTCAAGCCTCCCAT
TGGCATTCAAGGAGTACCTC
Human CXCL10
TTGTAGCAATGATCTCAACACG
CCTCTCTCTAATCAGCCCTCTG
Human THF-a
GAGGACCTGGGAGTAGATGAG
ACTCACCTCTTCAGAACGAATTG
Human /L-6

CCATCTTTGGAAGGTTCAGGTTG

munoprecipitates were analyzed by Western blotting assay.
STING oligomerization assay

BMDMs were seeded in 12-well plates at a density of
1.2 x 10° cells'mL™" and incubated overnight. The cells were
then pre-treated with Opti-mem medium containing TGP
(200 pg-mL™) for 1 h, followed by transfection with cGAMP
for 30 min. After discarding the supernatant, cells were lysed
with 400 pL of Triton buffer (50 mmol-L™" Tris-HCI, 150
mmol L™ NaCl, 0.5% Triton X-100, pH 7.5, and 1% n-Do-
decyl-B-D-maltoside) supplemented with 1% protease inhibit-
or cocktail. The lysate was centrifuged at 4 °C and 12,000
r'min_' for 10 min. A portion of the supernatant was mixed
with 1 x and 5 x SDS-PAGE loading RIPA buffer, and an-
other portion was prepared for loading onto a native-PAGE
gel using a native sample buffer. The native-PAGE gel was
run in electrophoresis buffer (25 mmol-L™" Tris-HCI, pH 8.4,
and 192 mmol-L™" glycine, with and without 1% deoxy-
cholate in the cathode and anode chambers), followed by im-
mersion of the gel in SDS electrophoresis buffer for 30 min.
Subsequent steps were in accordance with Western blotting
procedures.
Mice and animal experiment design

Mice were randomly allocated into seven groups (n = 6
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per group): (1) control group, (2) LPS/D-GalN group, (3)
TGP (100 mg-kg™") group, (4) TGP (200 mg-kg ") group, (5)
LPS/D-GalN + TGP (100 mg-kg™), (6) LPS/D-GalN + TGP
(200 mg-kg™"), (7) LPS/D-GalN + H-151 (10 mg-kg ") group.
To mitigate liver injury, mice in the TGP-treated groups re-
ceived the respective dose of TGP via oral gavage daily for
seven days prior to the experiment. Mice in both the control
and LPS/D-GalN groups received an equivalent volume of
normal saline. Concurrently with the final dose, mice in the
positive control group received an intraperitoneal injection of
H-151 (10 mg-kg ™). One hour later, LPS (2.5 mg-kg ") and D-
GalN (250 mg-kg™") were administered intraperitoneally to
induce liver injury. Four hours post-induction, mice were an-
esthetized and euthanized, and their liver tissues were collec-
ted for hematoxylin and eosin (H&E) staining, TUNEL stain-
ing, mRNA analysis of relevant genes, and serum for ALT,
AST, and cytokine ELISA assays.

Separately, eight-week-old female C57BL/6 mice were
divided into three groups for the DMXAA in vivo assay.
Mice in the TGP-treated group received TGP (200 mg-kg™)
via oral gavage, while mice in the control and model groups
were given an equal volume of saline daily for seven consec-
utive days. On the seventh day, one hour post-TGP adminis-
tration, the control group was injected intraperitoneally with
saline, and the model and TGP-treated groups with DMXAA
(25 mg-kg™). Four hours later, mice were euthanized for the
collection of serum and peritoneal lavage fluid, with sub-
sequent ELISA measurements of IFN-B, TNF-a, and IL-6
levels in both samples.

Statistical analysis

Data analysis was conducted using GraphPad Prism 8
software. Comparisons between two groups were performed
using unpaired Student’s #-tests, while comparisons among
multiple groups were conducted using one-way ANOVAs
followed by Dunnett’s post hoc tests. P-values less than 0.05
were considered statistically significant. All experimental res-
ults were presented as mean + standard error of the mean
(SEM).

Results

TGP inhibits DNA-triggered activation of the cGAS-STING
signaling pathway in BMDMs and THP-1 cells

The inappropriate activation of the cGAS-STING signal-
ing pathway, triggered by cytoplasmic DNA anomalies, has
recently been implicated in autoimmune diseases and inflam-
mation, drawing considerable attention **. To assess po-
tential drug toxicity, we first examined the cellular viability
of TGP in BMDMs and THP-1 cells. Before evaluating cell
viability, BMDMs and THP-1 cells were treated with various
concentrations of TGP for 12 h. The results indicated that
TGP did not exhibit significant cytotoxicity in BMDMs and
THP-1 cells, even at the highest concentration tested (800
pg'mL™) (Fig. 2A). Following this, we explored the impact
of TGP on the activation of the cGAS-STING signaling path-
way in BMDMs, stimulated by ISD. Western blotting analys-
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is revealed that TGP inhibited the ISD-induced phosphoryla-
tion of IRF3 in a dose-dependent manner (Fig. 2B). Concur-
rently, we quantified the mRNA levels of IFN-B, CXCLI10,
TNF-0, and IL-6 using qPCR. These analyses showed that
TGP significantly attenuated the increases in IFN-f,
CXCL10, TNF-a, and IL-6 mRNA levels induced by ISD
stimulation (Figs. 2D—2G). To ascertain whether TGP exerts
a similar inhibitory effect on human cell lines, we assessed its
impact on the cGAS-STING pathway in THP-1 cells. The
results confirmed that TGP also dose-dependently reduced
IRF3 phosphorylation in ISD-stimulated THP-1 cells (Fig.
2C). Moreover, TGP effectively prevented the rise in IFN-f,
CXCLI10, and the pro-inflammatory mediators TNF-a and IL-
6 in response to ISD stimulation (Figs. 2H—2K). Con-
sequently, these findings suggest that TGP suppresses the ac-
tivation of the cGAS-STING pathway triggered by cytosolic
DNA (e.g., ISD) in both BMDMs and THP-1 cells.
TGP significantly inhibits signal transduction dependent on
various canonical STING stimulators

Our research then focused on assessing how TGP modu-
lates the activation of the cGAS-STING pathway in response
to various established STING stimulators, aiming to evaluate
TGP’s potential as a broad-spectrum inhibitor of this path-
way. Classical STING stimulators such as exogenous
cGAMP, which activates the cGAS-STING pathway via 2,3-
cGAMP, and DMXAA and diABZI, which stimulate the
pathway by directly targeting STING, were examined > >,
Western blotting analysis showed that TGP decreased the
phosphorylation of IRF3 caused by ISD, cGAMP, diABZI,
and DMXAA in BMDMs but had no impact on the levels of
IRF3 and STING (Fig. 3A). Correspondingly, qPCR assays
demonstrated that TGP significantly lowered the mRNA ex-
pressions of IFN-f, CXCLI0, and the inflammatory mediat-
ors TNF-o and IL-6 in BMDMs, induced by these STING ac-
tivators (Figs. 3C—3F). The same inhibitory effect of TGP on
STING agonist-induced signal transduction was confirmed in
THP-1 cells, a human monocytic cell line, as shown by simil-
ar reductions in IRF3 phosphorylation and mRNA levels of
IFN-f, CXCL10, TNF-a, and IL-6 (Figs. 3B, 3G—3J). These
findings suggest that TGP effectively impedes the signal
transduction induced by multiple STING agonists in both
BMDMs and THP-1 cells.
TGP disrupted the interaction of STING-IRF3 but had no ef-
fect on STING oligomerization

Upon activation by its agonists, STING transitions from
the endoplasmic reticulum to the Golgi apparatus, recruiting
and activating TBK1, which then phosphorylates IRF3. This
phosphorylated IRF3 undergoes dimerization and nuclear
translocation, leading to the production of IFNs. Additionally,
activation of the cGAS-STING pathway promotes NF-«kB-
mediated transcriptional activation, highlighting its import-
ance in immune response regulation *” . To assess the im-
pact of TGP on this pathway, we first examined its effect on
the nuclear translocation of IRF3. Immunofluorescence as-
says revealed that TGP significantly inhibited the nuclear

®

translocation of p65 in BMDMs and IRF3 in THP-1 cells in-
duced by diABZI (Figs. 4A and 4B). Given that cGAMP
binds to STING, facilitating its translocation to the Golgi ap-
paratus and subsequent recruitment of TBK1 and IRF3, the
phosphorylation of IRF3 by TBK1, followed by its dimeriza-
tion and nuclear translocation, is a key mechanism in signal
transduction, particularly in controlling IFN expression. This
process involves the formation of a trimeric STING-TBK1-
IRF3 complex ™. Our findings demonstrated that TGP
hindered the interaction of STING with IRF3 but had no ef-
fect on the interactions of STING-TBK1 and TBKI-IRF3
(Figs. 4C—4E). Considering the essential role of STING oli-
gomerization, triggered by cGAMP binding to STING di-
mers on the ER membrane, in activating downstream signal-
ing, we also investigated the effect of TGP on STING oligo-
merization. Our findings showed that TGP does not influ-
ence the oligomerization of STING in BMDMs (Fig. 4F).
These outcomes suggest that TGP may inhibit the activation
of the cGAS-STING pathway by specifically blocking the in-
teraction between STING and IRF3.

TGP inhibits DMXAA-induced activation of STING and
downstream signaling in vivo

We furtherly chose an agonist of STING, DMXAA, to
examine if TGP affected the cGAS-STING pathway in vivo.
DMXAA is an agonist for murine STING, and it can induce
strong pro-inflammatory responses both in vitro and in vivo.
It binds to murine STING in a way similar to that of the en-
dogenous agonis and activates the TBK1-IRF3 axis to induce
potent IFN-B production ®%. In addition, engagement of
STING by DMXAA also activates the canonical and the non-
canonical NF-kB pathways and thereby induces the expres-
sion of pro-inflammatory cytokines. To determine whether
TGP prevented STING from being activated in mice, and
then influenced the production of downstream genes, mice in
this study were dosed continuously for seven days and DMX-
AA was injected intraperitoneally 1 h after the last dose.
Mouse serum and intraperitoneal lavage fluid were gathered
and the concentrations of IFN-f, TNF-a, and IL-6 in these
samples were measured. We found that TGP reduced the
level of DMXAA-induced IFN-B and elevated the expression
of inflammatory mediators TNF-a and IL-6. (Figs. SA—5F).
Through agonist models induced by DMXAA, we found that
TGP significantly inhibited DMXAA-induced IFN-B produc-
tion and downstream signaling inflammatory factor release in
Vivo.

TGP reduces LPS/D-GalN-induced acute liver damage by
preventing the cGAS-STING signaling pathway from being
activated.

According to previous studies, LPS/D-GalN dramatic-
ally increases mtDNA release in the cytoplasm in vivo. This
promotes an excessive amount of cGAS signaling, which
causes liver cell death, liver damage, and other negative ef-
fects ', Considering these findings, we have opted for the
LPS/D-GalN-induced acute ALI model to probe the potential
inhibitory effects of TGP upon the activation of the cGAS-
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STING signaling cascade in vivo. H-151 is a potent STING group significantly reduced these inflammatory and bleeding

inhibitor with significant inhibitory activity in vitro and in reactions. The H&E staining was used to examine the patho-
vivo, which can inhibit STING palmitoylation and block logical changes in the liver tissue (Fig. 6A). TUNEL staining
TBK1 phosphorylation ®"**. To determine whether TGP re- revealed that there were less TUNEL-positive hepatocytes in
duces inflammation and liver damage brought on by LPS/D- the group that received TGP treatment than there were in the
GalN by blocking the cGAS-STING pathway, we used H-151 group that received LPS/D-GalN (Fig. 6B). Furthermore, it
as a positive control in this experiment. The liver in the was shown that the increase in ALT and AST in the LPS/D-
LPS/D-GalN group significantly increased local cell death, GalN group could be inhibited by the TGP dosage group in a
inflammatory cell infiltration, and partial bleeding when com- dose-dependent way (Figs. 6C and 6D). At the same time, it
pared to the normal group, while the TGP administration was found by ELISA reagent detection that the mice in the
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Fig. 2 TGP inhibits DNA-triggered activation of the cGAS-STING signaling pathway in BMDMs and THP-1 cells. (A) The
CCK-8 was used to determine the vitality of BMDMs and THP-1 cells after being exposed to different dosages of TGP over a
period of 12 h. (B, C) Prior to the transfection of ISD (2.5 pg'mLfl) stimulation for a duration of 1.5 h, BMDMs and THP-1 cells
were subjected to a 1 h pretreatment with diverse concentrations of TGP. Subsequently, the expression levels of p-IRF3, STING,
IRF3, and HSP90 were meticulously scrutinized through the employment of Western blotting analysis. (D—G) BMDMs were pre-
treated with distinct concentrations of TGP for 1 h, after which they were stimulated with ISD (2.5 pg-mL™") for a duration of 4 h.
QPCR was conducted to measure the subsequent expression levels of IFN-B, CXCL10, TNF-a, and IL-6 mRNA. (H-K) Similarly,
THP-1 cells were also pre-treated with various concentrations of TGP for 1 h before being subjected to ISD (2.5 pg-mL™) stimu-
lation for a period of 4 h. After that, the mRNA expression levels of IFN-, CXCL10, TNF-0, and IL-6 were assessed by qPCR.
One-way ANOVA was used to evaluate statistical differences together with Dunnett’s post hoc test. Information about the data:
The error bars show the mean + SEM of three technical replicates ( n = 6). "P< 0.05, “"P< 0.01, “"P< 0.001 vs LPS/D-GaIN
group.
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Fig. 3 TGP significantly inhibits signal transduction dependent on various canonical STING stimulators. (A) BMDMs were
firstly incubated with TGP (200 pg-mL™") for 1 h, subsequently stimulated with ISD (2.5 pg-rmL™"), cGAMP (2.5 pg-mL™), di-
ABZI (10 pmol-L™"), and DMXAA (12.5 pg-mL™") for 1.5 h. P-IRF3, STING, and IRF3 expressions in whole-cell lysates were as-
sessed by immunoblotting analysis. (B) THP-1 cells were pre-treated with TGP (200 ug~mL") for 1 h, followed by stimulation
with ISD (2.5 pg-mL™"), cGAMP (2.5 pg'mL™), and diABZI (10 pmol-L™") for 1.5 h. Immunoblotting was utilized to assess p-
IRF3, STING, and IRF3 expression in whole cell lysates. (C, D, E, F) BMDMs were pre-incubated with TGP (200 pg'mLfl) for 1
h, thereafter stimulated with ISD, cGAMP, diABZI, and DMXAA for 4 h. Subsequently, qPCR was employed to detect the
mRNA expression levels of IFN-f, CXCL10, TNF-a, and IL-6. (G, H, I, J) THP-1 cells were pre-treated with TGP (200 ug-mL_l)
for 1 h, followed by stimulation with ISD, cGAMP, and diABZI for 4 h. Thereafter, qPCR analysis was employed to determine
the mRNA expression levels of IFN-f, CXCL10, TNF-¢a, and IL-6. Data information: The three technical replicates’ mean + SEM
(n = 3) is represented by the error bars. The unpaired t-test was used to evaluate statistical differences, with "P < 0.05, “P < 0.01,
"*P<0.001 vs DMSO Group .

TGP administration group expressed relative lower levels of IFN-B, CXCL10, interferon-stimulated gene 15 (ISG15),

IFN-B factor and related inflammatory factors TNF-a and IL-
6 compared to the mice in the LPS/D-GalN group (Figs.
6E—6G). In addition, we employed qPCR to identify IFN-§
and associated downstream genes as well as the expression of
inflammatory markers in liver tissue to investigate whether
TGP inhibits the cGAS-STING pathway to minimize LPS/D-
GalN-induced inflammation and liver injury. The findings
demonstrated that TGP significantly reduced the levels of

®

TNF-o and IL-6 mRNA (Figs. 6H—6L).

Furthermore, compared to the LPS/D-GalN group, the
extent of liver injury was markedly mitigated following H-
151 treatment, characterized by reduced inflammatory cell in-
filtration and improved hemorrhagic conditions (Figs. 6A and
6B). The administration of H-151 successfully lowered ser-
um levels of ALT and AST, along with the levels of pro-in-
flammatory cytokines IFN-B, TNF-a, and IL-6, relative to the
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Fig. 4 TGP disrupted the interaction of STING-IRF3, but has no effect on STING oligomerization. (A) BMDMs are pre-treated
with TGP (200 ug-mL™") for 1 h, then stimulated with diABZI for 2 h, Subsequently, immunostaining was performed using anti-
p65 antibodies, and the resulting images were captured (Scale bars, 5 pm). (B) THP-1 are pre-treated with TGP (200 pg-mL™)
for 1 h, then stimulated with diABZI for 2 h. Immunostaining was then conducted using anti-IRF3 antibodies, and the resulting
images were captured (Scale bars, 5 pm). (C) HEK-293T cells were subjected to 6 h treatment with TGP (200 pg-mL™"). Investig-
ation of the interaction between Flag-IRF3 and HA-STING by immunoprecipitation. (D) HEK-293T cells were subjected to 6 h
treatment with TGP (200 ug~mL71). Investigation of the interaction between Flag-TBK1 and HA-STING by immunoprecipitation.
(E) HEK-293T cells were subjected to 6 h treatment with TGP (200 pg-mL™"). Investigation of the interaction between Flag-TBK1
and HA-IRF3 by immunoprecipitation. (F) BMDMs were stimulated with cGAMP for 0.5 h after a 1 h pre-incubation with TGP
(200 pg-mL™"). Immunoblotting analysis was performed to assess the oligomerization and phosphorylation of STING. One-way
ANOVA was used to evaluate statistical differences together with the Dunnett’s post hoc test. Information about the data: The er-
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ror bars show the mean = SEM of three technical replicates. 'P<0.05, P < 0.01, P < 0.001 vs DMSO group.
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Fig. 5 TGP inhibits DMXAA-induced activation of STING and downstream signaling in vivo (A) The protocol of DMXAA-in-
duced mice model. (B—G) 8-week-old female C57BL/6 mice were injected with saline or TGP (200 mg-kg ', i.g.) as pretreatment
for seven days. On the last day, DMXAA (25 mg-kg ") (n = 6) was injected intraperitoneally 1 h after the administration of TGP.
Serum and intraperitoneal lavage fluid were obtained 4 h later. The levels of IFN-p, TNF-a and IL-6 in serum and intraperiton-
eal lavage fluid were determined by enzyme-linked immunosorbent assay. One-way ANOVA was used to evaluate statistical dif-
ferences together with the Dunnett’s post hoc test. Information about the data: The error bars show the mean + SEM of six tech-

nical replicates. "P< 0.05, “P<0.01, " P< 0.001 vs DMXAA group.

model group (Figs. 6C—6G). Quantitative PCR (qPCR) was
utilized to measure the expression of /FFN-f mRNA, CXCL10
mRNA, ISGI15 mRNA, TNF-a mRNA, and IL-6 mRNA in the
liver tissues of the H-151 treated group. As anticipated, the
expression of these genes was significantly diminished after
H-151 treatment (Figs. 6H—6L). In summary, TGP effect-
ively reduced the surge of inflammatory markers in LPS/D-
GalN-induced ALI and suppressed the expression of genes
associated with the cGAS-STING pathway, thereby signific-
antly alleviating liver injury in mice (Fig. 7). Given these ex-
perimental outcomes and the pivotal role of the cGAS-
STING system in mediating inflammatory responses, it is
proposed that TGP may exert therapeutic effects on LPS/D-
GalN-induced ALI by obstructing the cGAS-STING path-
way and curtailing the expression of inflammatory mediators.

Discussion

In recent years, a growing body of research has estab-
lished that aberrant activation of the cGAS-STING signaling
pathway is central to the development of autoimmune and in-
flammatory diseases. The innate immune system serves as the
primary defense mechanism against potential threats, re-

sponding to a variety of stimuli, including exogenous patho-

gen-associated molecular patterns (PAMPs) and endogenous
damage-associated molecular patterns (DAMPs). These
threats are recognized by various pattern recognition recept-
ors (PRRs), such as cGAS, leading to the activation of the
immune response characterized by the release of IFN and nu-
merous pro-inflammatory cytokines, which can precipitate in-
flammatory and autoimmune diseases > **. STING, an es-
sential adaptor within host cells, plays a crucial role in this
process by mediating signals from cGAMP, enabling the de-
tection of both exogenous and endogenous DNA fragments
by cGAS, and triggering innate immune responses. Over the
past decades, the incidence of inflammatory diseases has
been rising steadily, presenting a significant public health
challenge and a threat to human well-being. Consequently,
there is a pressing need to discover compounds that can ef-
fectively inhibit the cGAS-STING signaling pathway, offer-
ing potential therapeutic strategies for managing inflammat-
ory and autoimmune diseases.

The TGP capsule, officially approved for the treatment
of RA in 1998, is a classical Chinese patent medicine
renowned for its anti-inflammatory and immunomodulatory
effects. The primary active ingredient in the TGP is derived
from the roots of Paconiae Radix Alba (PRA), with TGP pre-
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dominantly comprising monoterpenoid glycosides such as
PA, albiflorin, benzoylpaeoniflorin, and oxypaeoniflorin.
These compounds constitute the pharmacological foundation
of peony’s therapeutic benefits " **\. Natural products have
played a significant role in the prevention and treatment of in-
flammatory diseases, with compounds like quercetin, icariin,
artemisinin, and triptolide contributing to this legacy °®. As a
natural compound, PA has been extensively utilized in the
management of various inflammatory and liver conditions,
including cholestatic liver injury, ALI, non-alcoholic fatty
liver disease, liver fibrosis, and liver cancer, demonstrating
its wide applicability and potential for clinical use °”. Previ-
ous research has highlighted PA’s promising prospects as a
patent medicine. Although the TGP has been shown to pos-
sess liver-protective properties, there has yet to be research
elucidating its effects on ALI from the perspective of innate
immunity.

To our knowledge, this study marks the first demonstra-

A Control

tion of the impact of the TGP on the activation of the cGAS-
STING signaling pathway. Initial investigations using cellu-
lar models revealed that the TGP had no discernible effect on
the oligomerization of STING, a critical step in the initiation
of the signaling cascade that follows the binding of cGAMP
to STING dimers on the ER membrane. This finding sugges-
ted that the TGP’s site of action might be downstream in the
pathway. After moving through the ER-Golgi intermediate
compartment (ERGIC) and the Golgi apparatus, STING re-
cruits TBK1, facilitating TBK1 autophosphorylation. This
leads to the formation of a trimeric complex with IRF3,
STING, and TBK1, where TBK1 phosphorylates IRF3. Con-
sequently, IRF3 is able to homodimerize and then translocate
into the nucleus, thereby regulating gene expression. The
formation of the STING-TBK1-IRF3 trimeric complex is es-
sential for TBKI1 activation and downstream IRF3
signaling™!. Our findings indicate that the TGP specifically
inhibits the interaction between STING and IRF3 rather than
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Fig. 6 TGP reduces LPS/D-GalN-induced acute liver damage by preventing the cGAS-STING signaling pathway from being ac-
tivated. 8 weeks old female C57BL/6 mice were continuously administrated TGP at concentration of 100 or 200 mg-kg ' for sev-
en days under the same growth conditions. After 1 h at last time administration of TGP, mice were injected intraperitoneally with
LPS/D-GalN (2.5 mg-kg™" of LPS and 250 mg-kg "' of D-GalN) for 4 h. Meanwhile, another group of mice were injected intraperi-
toneally with H-151 (10 mg~kg71) for 1h and then injected intraperitoneally with LPS/D-GalN for 4 h. (n = 6 per group). (A) His-
tological pictures of liver tissue sections stained with H&E 20 x (scale bar = 100 pm) are displayed. (B) Representative images of
TUNEL staining (original magnification 20 x , scale bar = 100 pm). (C—G) Using ELISA, the levels of IFN-p, TNF-a, and IL-6 as
well as the serum concentrations of ALT and AST (n = 6 per group) were assessed. (H-L) qPCR analysis was used to detect the
mRNA levels of IFN-$, CXCL10, ISG15, TNF-a and IL-6 (n = 6 per group). One-way ANOVA was used to evaluate statistical dif-
ferences together with the Dunnett’s post hoc test. Information about the data: The error bars show the mean +£ SEM of six tech-

e

nical replicates. "P< 0.05, "P<0.01, P <0.001 vs LPS/D-GalN group.

affecting the binding of STING to TBK1 or TBKI1 to IRF3. to prevent activation of the cGAS-STING pathway, shedding

This insight advances our understanding of how the TGP acts light on the intrinsic mechanisms involved.
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Fig. 7 TGP alleviates LPS/D-GalN-induced ALI by inhibiting the cGAS-STING signaling pathway.
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In an agonist model induced by DMXAA that specific-
ally stimulates STING, we observed a reduced production of
IFN-B, TNF-a, and IL-6 following the administration of the
TGP. Furthermore, employing a severe liver injury model
caused by LPS and D-GalN, we concluded that the TGP pos-
sesses anti-inflammatory and anti-autoimmune properties
through the cGAS-STING pathway. Our results showed that
the administration of the TGP mitigated liver injury and sup-
pressed the release of [FNs and pro-inflammatory cytokines.

The TGP has demonstrated therapeutic effects compar-
able to H-151, a potent inhibitor of the STING pathway, both
in vitro and in vivo, as highlighted by our findings. The
search for effective inhibitors of the cGAS-STING pathway
has garnered global interest due to its significant role in the
development of autoimmune and inflammatory diseases.
Among the identified inhibitors targeting the STING path-
way are compounds such as H-151, C-178, C-176, and nitro-
fatty acids (NO,-FAs), which inhibit STING by targeting its
palmitoylation site ®**”, Additionally, cyclic di-GMP (c-di-
GMP) can competitively inhibit cGAMP-induced STING ac-
tivation, producing a STING conformation distinct from that
induced by cGAMP ! *>*. However, research into STING
inhibitors is still at an early stage, with no candidates having
advanced to clinical trials yet. In our study, H-151 was used
as a positive control to compare the effects of the TGP on the
c¢GAS-STING pathway. Our results showed that administra-
tion of the TGP effectively prevented the release of TNF-oq,
IL-6, and IFN- to a similar extent as H-151, along with the
amelioration of liver injury as evidenced by the reduction in
ALT and AST levels. From these findings, we concluded that
the TGP may modulate the cGAS-STING pathway, impact-
ing autoimmunity and inflammatory diseases. This signific-
ant discovery provides practical evidence supporting the use
of officially approved drugs in clinical trials for treating dis-
eases associated with the cGAS-STING pathway.

In this study, we delineated how TGP suppressed the
c¢GAS-STING pathway both in vivo and in vitro, leading to
the conclusion that the TGP represents a promising inhibitor
of this signaling pathway. Particularly noteworthy is our ex-
ploration within a cGAS-STING-mediated disease model,
specifically acute liver damage induced by LPS/D-GalN,
where we concluded that TGP could be an ideal choice for
treatment strategies targeting autoimmunity and inflammat-
ory diseases. This finding introduces a novel approach for
clinical practice in managing autoimmune and inflammatory
conditions triggered by the cGAS-STING signaling pathway,
providing a valuable insight into potential therapeutic aven-
ues.
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