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Abstract    Acute  lung  injury  (ALI)  is  a  respiratory  disease  characterized  by  inflammation.  Yinqiao  powder
(YQP) is a traditional Chinese medicinal compound, extensively used for its heat-clearing and detoxifying effects.
It  is  usually  used clinically  to  treat  respiratory diseases,  such as  pneumonia.  However,  the  exact  mechanism by
which  YQP  treats  ALI  remains  unclear.  Here,  we  aimed  to  explore  the  therapeutic  effects  and  potential
mechanisms of action of YQP in ALI. Activation of the cGAS-STING pathway was modeled by multiple stimuli in
bone  marrow-derived  macrophages  (BMDMs),  THP-1,  and  peripheral  blood  mononuclear  cells  (PBMCs).
Changes  in  the  content  of  associated  proteins  were  detected  by  Western  blot,  while  the  mRNA levels  of  type  I
interferon-related  genes  and  proinflammatory  cytokines  were  detected  by  qPCR.  A  DMXAA-induced  agonist
model was used to verify the effect of YQP on the cGAS-STING pathway in vivo, whereas LPS-induced ALI was
used  to  explore  the  therapeutic  effect  of  YQP.  YQP suppressed  the  activation  of  the  cGAS-STING pathway  in
vitro.  YQP showed promising  therapeutic  effects  on  DMXAA-induced activation of  the  cGAS-STING signaling
pathway as well as the LPS-induced ALI model in mice. YQP alleviated ALI by inhibiting cGAS-STING pathway
activation; meanwhile, YQP may be a new therapeutic approach for cGAS-STING-driven inflammatory diseases.

Keywords    Yinqiao powder; acute lung injury; cGAS-STING signaling pathway; inflammation; TBK1-IRF3

 
 Introduction

Acute  lung  injury  (ALI),  a  severe  respiratory  disease,
commonly  results  from  pathogenic  infections,  trauma,
burns, and drug reactions—all of which induce a systemic
inflammatory reaction that contributes to the development
of ALI [1]. In severe cases, it can cause acute respiratory
distress syndrome (ARDS), carrying a death rate as high
as  50% [2,3].  As  a  key  supportive  therapeutic  measure,
mechanical  ventilation  is  extensively  used in  the  clinical
practice  [4,5].  Despite  significant  advancements  in  ALI

therapy,  there  are  no  effective  drugs  for  ALI,  making  it
difficult  to  substantially  reduce  the  death  rate  and
improve patients’ quality of life [6]. The prevailing view
is  that  uncontrolled  inflammation  in  the  lungs  or
throughout  the  body  is  the  main  pathogenesis  [7–9].
Therefore, finding new therapeutic drugs, especially new
treatment  methods  to  control  the  inflammatory  response
in ALI, is of crucial importance.

Increasing  evidence  suggests  that  the  regulation  of
inflammatory factors  by the cyclic  GMP-AMP synthase-
stimulator  of  interferon  genes  (cGAS-STING)  signaling
pathway  is  crucial  for  disease  progression  [10,11].
Notably,  the  cGAS-STING  pathway  plays  a  central  role
in  the  onset  and  progression  of  ALI  [12,13].  Cellular
damage  and  the  release  of  abnormal  DNA  may  be
triggering  factors  for  the  activation  of  the  cGAS-STING
pathway in  multiple  diseases.  cGAS,  a  specialized  DNA
sensor,  recognizes  double-stranded  DNA  and  catalyzes
the  formation  of  2′3′-cyclic  guanosine  monophosphate
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(2′3′-cGAMP),  which  subsequently  binds  and  activates
STING  present  in  the  endoplasmic  reticulum  membrane
[14,15].  After  dimerization  to  form  a  tetramer
oligomerization,  the  activated  STING  protein  undergoes
translocation from the endoplasmic reticulum to the Golgi
apparatus,  where  it  recruits  and  phosphorylates  TANK
binding  kinase  1  (TBK1)  to  form  a  complex,  and  the
phosphorylated  TBK1  in  turn  phosphorylates  STING
[16–18].  The  activated  STING  complex  recruits  and
phosphorylates  interferon  regulatory  factor  3  (IRF3)  to
form  a  functional  STING  signalosome,  and  activated
IRF3  undergoes  nuclear  entry  and  regulates  type  I
interferon-related genes [19,20]. In turn, activated STING
affects  the  NF-κB  pathway  by  modulating  IκB  kinase,
which  then  regulates  the  expression  of  proinflammatory
cytokines  [21,22].  Studies  have  shown  that  zinc  oxide
nanoparticles  (ZnONPs)  inhalation  induces  ALI  in  mice
and activates cGAS and STING, thereby aggravating the
pathological  changes  in  the  lungs,  oxidative  stress,  and
inflammation.  The  cGAS  inhibitor  RU.521  suppressed
cGAS-STING  pathway  activation,  reduced  oxidative
stress  and  inflammation,  and  attenuated  lung  injury  in
ZnONP-treated  mice  [23].  Thus,  targeting  the  regulation
of the cGAS-STING pathway is an attractive strategy for
the treatment of ALI.

In  recent  years,  traditional  Chinese  medicinal
compounds,  as  an  essential  part  of  traditional  Chinese
medicine  (TCM),  have  shown  unique  advantages,
especially playing an irreplaceable role in the treatment of
pulmonary  inflammation  caused  by  COVID-19  and
improvement  of  disease  prognosis  [24–26].  Yinqiao
powder  (YQP),  as  a  classic  TCM  compound,  has  the
effects  of “cold-pungent  diaphoresis” and “heat-clearing
and  detoxifying” [27].  It  is  typically  used  to  treat
influenza,  upper  respiratory  tract  infection,  and
pneumonia  [28–30].  Research  has  shown  that  this
formula,  along  with  its  key  components  like  forsythin,
chlorogenic  acid,  and  baicalin,  can  treat  respiratory
system  diseases  by  regulating  various  immune-related
signaling pathways [30–32]. For example, YQP promotes
autophagy-dependent  ROS  decrease  to  inhibit
ROS/NLRP3/pyroptosis regulation axis in influenza virus
infection  [33].  YQP  also  play  a  crucial  role  in  anti-
influenza virus activity by regulating TLR7/NF-κB signal
pathway  [34].  More  importantly, Lonicera  japonica
Thunb. and Forsythia suspensa (Thunb.) Vahl, as the core
drug pair of YQP, can alleviate systemic inflammation by
inhibiting  the  cGAS-STING pathway [35].  Based  on  the
anti-inflammatory  effect  of  YQP,  further  studies  on  the
role  of  YQP  in  ALI  and  its  related  molecular
mechanisms,  especially  its  relationship  with  the  cGAS-
STING  pathway,  are  important  for  the  prevention  and
treatment of ALI.

In  this  work,  we  discovered  that  the  YQP  effectively

suppressed  the  cGAS-STING  pathway  in  cells  derived
from  both  humans  and  mice,  and  further  research
revealed  that  it  effectively  inhibited  the  interaction
between  TBK1  and  IRF3.  Notably,  YQP  has  a  good
ameliorating effect on ALI induced by lipopolysaccharide
(LPS),  positioning  it  as  a  candidate  compound  for
diseases  treatment  through  the  cGAS-STING  signaling
pathway.

 Materials and methods

 Reagents and antibodies

Drugs  and  reagents:  YQP  was  obtained  from  Beijing
Tcmages  Pharmaceutical  Co.,  Ltd.  (Beijing,  China).  The
dose  of  YQP  used  in  the  animal  experiments  was
converted  from  a  clinically  equivalent  dose  (4.68  g/kg)
and  a  double  dose  (9.36  g/kg).  Dulbecco’s  modified
Eagle  medium  (DMEM,  CM10013,  Macgene),  RPMI-
1640  (CM10040,  Macgene),  fetal  bovine  serum  (FBS,
C04001,  VivaCell),  mouse  IL-6  ELISA  kits  (1210602,
DAKEWE),  mouse  TNF-α ELISA  kits  (1217202,
DAKEWE),  protease  inhibitor  cocktail  (C0001,
TargetMol),  C-176  (HY-112906,  MedChemExpress),
murine  macrophage  colony-stimulating  factor  (M-CSF,
HY-P7085,  MedChemExpress),  2× RealStar  Fast  SYBR
qPCR Mix (A304-10, GenStar).

The  following  antibodies  were  used:  anti-IRF3
(phospho Ser396) antibody (GTX86691, GeneTex),  anti-
IRF3  (phospho  S386)  antibody  (ab76493,  abcam),  anti-
IRF3  polyclonal  antibody  (11312-1-AP,  Proteintech),
anti-TMEM173/STING  polyclonal  antibody  (19851-AP,
Proteintech),  anti-HSP90  polyclonal  antibody  (13171-1-
AP,  Proteintech),  anti-actin  antibody  (sc-8432,  Santa
Cruz  Biotechnology),  anti-Lamin  B1  antibody  (sc-
374015, Santa Cruz).

 Cell culture and preparation

Bone  marrow-derived  macrophages  (BMDMs)  used  in
this  study  were  obtained  from  C57BL/6J  healthy  mice,
then cultured in DMEM containing 10% FBS, 1% penicillin/
streptomycin  (P/S),  and  50  ng/mL  M-CSF.  HEK-293T
cells  were  cultured  in  DMEM  containing  10% FBS  and
1% P/S.  When  the  density  of  HEK-293T  cells  reached
80%–90%, we discarded the old culture medium, washed
the  cells  with  PBS,  and  then  added  0.25% trypsin  for
digestion  for  1  min.  Digestion  was  terminated  with
DMEM,  and  the  cell  suspension  was  centrifuged.  The
cells were then resuspend and inoculated into the culture
dishes  at  a  ratio  of  1:3  to  complete  the  passage.  THP-1
were kept in RPMI-1640 and induced to differentiate into
macrophages by 100 nmol/L PMA stimulation for 4–5 h.
Human  peripheral  blood  mononuclear  cells  (PBMCs)
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were cultured in RPMI-1640. All cells were maintained at
a constant temperature of 37 °C and 5% CO2.

 Cell viability assay

BMDMs  (1 × 106/mL)  and  THP-1  (1.5 × 106/mL)  cells
were seeded in 96-well cell culture plates and treated with
YQP (0, 0.125, 0.25, 0.5, 1, and 2 mg/mL) for 12 h on the
following day. Absorbance (450 nm) was measured using
a  microplate  reader,  according  to  the  instructions  of
CCK-8.

 STING oligomerization assay

BMDMs (1.1 × 106/mL) and THP-1 (1.5 × 106/mL) cells
were  cultured  in  12-well  culture  plates  for  18  h,  treated
with  YQP  or  vehicle  (Opti-MEM)  for  1  h,  and  then
stimulated  with  2′3′-cGAMP for  30  min.  The  cells  were
then lysed with lysis buffer for a duration of 15 min. The
cell lysate was collected and centrifuged at 7500 g for 10
min  at  4  °C,  and  divided  into  two  portions,  which  were
then  added  to  loading  buffer  with  or  without  SDS.  The
portion  without  SDS  was  loaded  into  the  gel  without
SDS, run for 1 h, and then immunoblotted with the anti-
STING  antibody.  The  SDS-containing  fraction  was
loaded into a gel containing SDS and then immunoblotted
with the anti-HSP90 antibody.

 Immunoprecipitation assay

HEK-293T  cells  (5.5 × 106/mL)  were  seeded  in  6-well
culture plates for 18 h, after which they were transfected
with HA-tagged or Flag-tagged plasmids per well  for  24
h,  followed  by  exposure  of  the  cells  to  YQP  or  Opti-
MEM for 6 h. Then, the cells were lysed with lysis buffer.
The cell supernatant was collected at 4 °C for 30 min and
centrifuged at 4 °C, 750 g for 5 min. A portion of the cell
supernatant was aspirated and added to 1× loading buffer
as  input,  and  the  remaining  supernatant  was  incubated
with  anti-Flag-M2  magnetic  beads  for  5  h  at  4  °C.  The
samples  were  centrifuged  and  washed  twice  with  lysate
buffer,  followed  by  the  addition  of  loading  buffer  as  an
IP,  and  the  expression  of  the  corresponding  antibodies
was detected by immunoblotting.

 Animals

C57BL/6J (7-week-old, weighing 20 ± 2 g) mice in these
experiments were obtained from SPF Biotechnology Co.,
Ltd.  (Beijing,  China).  They  were  bred  under  specific
conditions (temperature 22–26 °C; humidity 55%–65%).

For  DMXAA-induced  agonist  experiments in  vivo,
female C57BL/6J mice were acclimatized for 1 week and

then  pretreated  with  YQP  (9.36  g/kg)  or  saline  for
5  days.  The  mice  were  anesthetized  4  h  after
intraperitoneal  injection  of  DMXAA  (25  mg/kg).
Peritoneal  lavage  fluid  was  collected  by  rinsing  the
abdominal  cavity  of  mice  with  pre-cooled  PBS,  and
serum  was  obtained.  The  peritoneal  lavage  fluid  was
centrifuged, and then cells in peritoneal lavage fluid were
collected  and  subsequently  extracted  for  total  RNA.  The
expression  levels  of  IFN-β,  TNF-α,  IL-6,  and  CXCL10
were detected using ELISA or qPCR.

For  LPS-induced  ALI  experiments,  male  C57BL/6J
mice  were  acclimatized  and  fed  for  1  week.  The  mice
were  given  saline  or  different  concentrations  of  YQP
(4.68 g/kg or 9.36 g/kg) by gavage for 5 days. Then, they
were  anesthetized  and  then  given  a  drop  of  LPS
(4 mg/kg) through the trachea. After 12 h, the mice were
anesthetized.  Bronchoalveolar  lavage  fluid  (BALF)  was
collected  by  rising  the  lungs  with  pre-cooled  PBS,  and
lung  tissues  were  collected.  The  levels  of  the
inflammatory  cytokines  IL-6  and  TNF-α in  BALF  were
measured  using  ELISA  kits.  Lung  tissues  were  used  for
hematoxylin-eosin  (HE)  staining  to  detect  pathological
tissue  changes,  and  was  homogenized  and  lysed  with
Trizol  reagent.  Total  RNA  was  extracted  to  detect  the
mRNA  levels  of  the  type  I  interferon  and
proinflammatory cytokine genes.

 cDNA preparation and qPCR assay

Cell or tissue samples were lysed with Trizol reagent and
RNA  was  extracted  following  previous  literature  [36].
Total  RNA  was  reverse-transcribed  into  cDNA.  qPCR
was then processed using the SYBR Green qPCR Master
Mix.  The  expression  levels  of  related  genes  were
calculated using β-actin as a reference.

 Western blot

Following  the  methodology  delineated  in  a  precedent
study,  cellular  proteins  were  extracted  and  dissolved  in
loading  buffer  [37].  The  lysates  were  dispersed  by  gel
electrophoresis,  transferred  to  polyvinylidene  fluoride
(PVDF)  membranes,  and  sealed  for  1  h,  then  incubated
with primary and secondary antibodies. The target bands
were  detected  using  an  enhanced  chemiluminescence
detection  reagent.  HSP90  or  actin  was  used  as  the
controls.

 Statistical analysis

GraphPad  Prism  8.0  was  utilized  for  charting  and
statistical analysis.  Comparisons between the two groups
were  performed  using  unpaired  Student’s t-test,  and
statistical analysis among multiple groups was performed
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using one-way ANOVA with Dunnett’s post hoc test. All
data were presented as mean ± standard error of the mean
(SEM).  Differences  were  defined  as  statistically
significant at P < 0.05.

 Results

 YQP inhibits the activation of cGAS-STING signaling
pathway

First, cell viability was tested using the CCK-8 assay. The
results  showed  that  the  concentration  of  YQP  (0–
2  mg/mL)  didn’t  inhibit  the  viability  of  BMDMs  and
THP-1 cells at 12 h (Fig. 1A and 1B). We selected a safe
concentration range of YQP for further experiments.

Next, we investigated the impact of YQP on the cGAS-
STING  pathway.  The  effect  of  YQP  on  Interferon-
stimulatory  DNA  (ISD)-induced  cGAS-STING  pathway
activation  was  assessed.  BMDMs  were  pretreated  with
YQP for 1 h and then activated with ISD. It showed that
YQP  markedly  suppressed  the  levels  of  p-IRF3  and  p-
STING  in  BMDMs  (Fig. 1C).  Meanwhile,  we  detected
the  function  of  YQP  on  the  expression  of  downstream
factors  activated  by  ISD  using  qPCR  assay.  This
indicated  that  YQP  reduced  the  mRNA  levels  of  IFN-β,
TNF-α,  IL-6,  CXCL10,  and  ISG15,  in  a  concentration
(Fig. 1D–1H). Similarly, we transfected THP-1 cells with
exogenous  ISD  to  validate  the  impact  of  YQP  on  the
cGAS-STING pathway. It obtained that YQP reversed the
induction  of  THP-1  cells  by  ISD  and  significantly
decreased  the  expression  of  type  I  interferon  and
inflammatory factors (Fig. 1I–1N).

 YQP suppresses the cGAS-STING signaling pathway
mediated by multiple stimuli

Based  on  these  results,  we  used  multiple  agonists  to
activate  the  cGAS-STING pathway,  aiming to  explore  if
YQP  exerts  a  wide-ranging  inhibitory  influence  on  this
pathway.  DMXAA,  a  STING  agonist,  is  known  to
activate  the  cGAS-STING  pathway  in  mice,  but  has  no
effect in human [38]. We performed relevant experiments
on  three  cell  types:  BMDMs,  THP-1  cells,  and  human
PBMCs.  The  results  revealed  that  YQP  inhibited  the
phosphorylation  of  IRF3  and  STING  induced  by  ISD,
2′3′-cGAMP,  diABZI,  and  DMXAA  in  BMDMs
(Fig. 2A).  Moreover,  there was a notable decrease in the
mRNA expression  of  IFN-β,  TNF-α,  and IL-6  following
YQP treatment (Fig. 2D–2F). Subsequently, 2′3′-cGAMP
and  ISD  were  used  to  activate  the  cGAS-STING
signaling pathway to detect the effects of YQP on THP-1
cells  and  PBMCs.  The  results  indicated  that  YQP
inhibited  the  activation  of  STING  and  IRF3  by  both
agonists  (Fig. 2B),  and  decreased  the  mRNA  levels  of
IFN-β,  TNF-α,  and  IL-6  (Fig. 2G–2I).  The  results

validated in PBMCs were consistent  with those obtained
in  THP-1  cells  (Fig. 2C,  2J–2L).  In  summary,  these
results  suggest  that  YQP  suppresses  the  cGAS-STING
pathway induced by various stimuli.

 YQP reduces nuclear translocation of IRF3 in
BMDMs and THP-1

Nuclear  translocation  of  IRF3  is  an  important
downstream  signaling  event  during  cGAS-STING
activation  [16].  When  STING  is  activated,  it  attracts
TBK1 to  form a  complex,  driving  IRF3  to  dimerize  and
undergo  nuclear  translocation,  whereas  STING  activates
the  NF-κB  pathway  [39].  The  effect  of  YQP  on  IRF3
nuclear  translocation  following  2′3′-cGAMP  stimulation
was examined by isolating the  cytoplasm and nucleus  in
our study. BMDMs and THP-1 cells were pretreated with
vehicle or YQP, followed by 2′3′-cGAMP to stimulate the
cells.  This indicated that  the cGAS-STING pathway was
activated by 2′3′-cGAMP, and IRF3 exhibited a tendency
for  nuclear  translocation;  however,  nuclear  entry  was
significantly reduced by treatment with YQP (Fig. 3A and
3B). This indicated that YQP plays a role in inhibiting the
nuclear entry of IRF3 in this process.

 YQP inhibited TBK1-IRF3 interaction, but had no
impact on STING oligomerization and the interaction
of STING-TBK1 or STING-IRF3

STING  oligomerization  is  a  vital  upstream  signaling
event:  after  receiving a signal  delivered by 2′3′-cGAMP,
STING  undergoes  oligomerization  and  then  undergoes
translocation from the endoplasmic reticulum to the Golgi
apparatus  [40].  Therefore,  we  investigated  the  effects  of
YQP on STING oligomerization.  This  demonstrated that
YQP  did  not  affect  STING  oligomerization  under
2′3′-cGAMP  stimulation,  suggesting  that  the  stage  of
YQP  action  is  located  after  STING  oligomerization
(Fig. 3C and 3D).

Research  has  revealed  that  the  activation  of  STING
recruits  and  activates  TBK1  while  forming  the  STING-
TBK1  complex  and  recruiting  IRF3,  resulting  in  its
dimerization and nuclear translocation [18,41]. Hence, we
investigated the  effect  of  YQP on this  important  process
by  transfecting  exogenous.  HEK-293T  cells  were
expressed  with  HA-tagged  plasmids  (HA-STING  and
HA-IRF3)  or  flag-tagged plasmids  (Flag-IRF3 and Flag-
TBK1)  followed  by  treatment  with  YQP.
Immunoprecipitation  experiments  were  performed  to
detect the interactions between STING, IRF3, and TBK1.
The  results  showed  that  administration  of  YQP  affected
TBK1-IRF3 binding, but had no impact on STING-TBK1
or  STING-IRF3  binding,  suggesting  that  YQP  exerts  its
inhibitory  effect  by  blocking  the  binding  of  IRF3  to
TBK1 (Fig. 3E–3G).
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Fig. 1    YQP inhibits the activation of cGAS-STING signaling pathway. (A, B) BMDMs or PMA-primed THP-1 cells were treated with YQP for
12 h. The cell viability was determined by CCK-8 assay. (C) BMDMs was treated with YQP (0.5, 1, and 2 mg/mL) for 1 h, and then transfected
for ISD stimulation for 2 h. Western blot was used to detect the expression of p-IRF3, p-STING, STING, IRF3, and HSP90. (D–H) BMDMs were
treated with YQP (0.5, 1, and 2 mg/mL) for 1 h, and then transfected for ISD stimulation for 4 h. The expression of IFN-β, TNF-α, IL-6, CXCL10,
and ISG15 was detected by qPCR. (I) PMA-primed THP-1 cells were treated with YQP (0.5, 1, and 2 mg/mL) for 1 h, and then transfected for ISD
stimulation for 2 h. Western blot was used to detect the expression of p-IRF3, p-STING, STING, IRF3, and HSP90. (J–N) PMA-primed THP-1
cells were treated with YQP (0.5, 1, and 2 mg/mL) for 1 h, and then transfected for ISD stimulation for 4 h. The expression of IFN-β, TNF-α, IL-6,
CXCL10, and ISG15 was detected by qPCR. All data are expressed as mean ± SEM. Statistical differences were analyzed by one-way ANOVA
and Dunnett’s post hoc test. ###P < 0.001 vs. control group; *P < 0.05, ***P < 0.001 vs. model group; NS, non-significant differences.

1090 Yinqiao powder alleviates ALI via cGAS-STING pathway



 

 
Fig. 2    YQP suppresses the cGAS-STING signaling pathway mediated by multiple stimuli. (A) BMDMs were treated with YQP (2 mg/mL) for
1 h, followed by ISD, 2′3′-cGAMP, diABZI, and DMXAA for 2 h. The expression levels of p-IRF3, p-STING, STING, IRF3, and HSP90 were
detected by Western blot. (B, C) PMA-primed THP-1 or human PBMCs were treated with YQP (2 mg/mL) for 1 h, followed by ISD, 2′3′-cGAMP
for  2  h.  The  expression  levels  of  p-IRF3,  p-STING,  STING,  IRF3,  and  HSP90  (or  actin)  were  detected  by  Western  blot.  (D–F)  BMDMs was
treated with YQP (2 mg/mL) for 1 h, followed by ISD and 2′3′-cGAMP for 4 h. The expression levels of IFN-β, TNF-α, and IL-6 were detected by
qPCR. (G–I) PMA-primed THP-1 and (J–L) human PBMCs were treated with YQP (2 mg/mL) for 1 h, followed by ISD and 2′3′-cGAMP for 4 h.
The expression of IFN-β, TNF-α, and IL-6 was detected by qPCR. All data are expressed as mean ± SEM. Statistical differences were analyzed by
unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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 YQP effectively suppresses DMXAA-induced
activation of cGAS-STING pathway in vivo

The  above  results  suggest  that  YQP  effectively
suppressed the cGAS-STING pathway in vitro. To further
verify  whether  YQP  achieves  the  inhibitory  impact
in  vivo,  we  established  the  cGAS-STING  activation
model  by  injecting  the  STING  agonist.  DMXAA  is  an
immune  system  stimulant  that  can  activate  the  STING

pathway  to  induce  the  release  of  type  I  interferons  and
pro-inflammatory  cytokines.  It  is  commonly  used  in
research  on  immune  and  inflammatory-related
mechanisms [36]. Mice were given vehicle or YQP for 5
days,  followed  by  peritoneal  injection  of  DMXAA  for
modeling.  The  results  showed  that  the  expression  levels
of  IFN-β,  TNF-α,  and IL-6 were  markedly  reduced after
YQP  treatment  in  the  serum  and  lavage  fluid
(Fig. 4A–4F).  Moreover,  the  mRNA  levels  of  IFN-β,

 

 
Fig. 3    YQP targets STING signalsome formation without affecting STING oligomerization. (A, B) BMDMs or PMA-primed THP-1 cells were
treated with YQP (2 mg/mL) for 1 h and then stimulated with 2′3′-cGAMP for 2 h. The proteins of cytoplasm and nucleus were separated using
kits and detected by Western blot. (C, D) BMDMs or PMA-primed THP-1 cells were treated with YQP (2 mg/mL) for 1 h and then transfected
with  2′3′-cGAMP  for  2  h.  Phosphorylation  and  oligomerization  of  STING  were  detected  by  Western  blot.  (E–G)  HA-tagged  plasmids  (HA-
STING,  HA-IRF3)  or  flag-tagged  plasmids  (Flag-IRF3,  Flag-TBK1)  were  transfected  into  HEK-293T.  Then  cells  were  treated  with  YQP
(2 mg/mL). Immunoprecipitation was performed with anti-Flag M2 affinity gel beads and Western blot analysis showed results.
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TNF-α,  and  CXCL10 in  the  peritoneal  lavage  fluid  cells
were  reduced (Fig. 4G–4I).  Overall,  the  results  indicated
that  YQP  effectively  inhibited  the  activation  of  the
cGAS-STING pathway in vivo.

 YQP has therapeutic effect on LPS-induced ALI

It is reported that the cGAS-STING pathway is associated
with  initiation  and  maintenance  of  several  inflammatory
diseases [42].  Targeted suppression of the cGAS-STING
pathway  is  a  vital  strategy  for  attenuating  lung
inflammation and injury. LPS, a crucial constituent of the
outer membrane of Gram-negative bacteria, is a common

pathogenic  factor  in  various  inflammatory  diseases
including  ALI  [43,44].  Tracheal  drip  LPS  has  been
extensively  utilized  to  study  the  pathological  effects  of
ALI, with the advantage that this method does not lead to
a  systemic  inflammatory  response  or  multi-organ  failure
[45].  C-176,  an  exclusive  STING  inhibitor,  effectively
attenuates ALI in mice [46]. In our research, we chose the
LPS-induced ALI model and tested YQP efficacy with C-
176  as  a  positive  drug.  The  experimental  process  is
illustrated in Fig. 5A.

Pulmonary  edema  and  alveolar  enlargement  are
common  clinical  symptoms  of  ALI  [47].  The  wet/dry

 

 
Fig. 4    YQP effectively suppresses DMXAA-induced activation of cGAS-STING pathway in vivo. (A–C) The expression levels of IFN-β, TNF-
α,  and  IL-6  in  serum  were  determined  by  ELISA.  (D–F)  The  expression  levels  of  IFN-β,  TNF-α,  and  IL-6  in  peritoneal  lavage  fluid  were
determined by ELISA. (G–I) The expression levels of IFN-β, TNF-α, and CXCL10 in cells from peritoneal lavage fluid were detected by qPCR.
All data are expressed as mean ± SEM. Statistical differences were analyzed by one-way ANOVA and Dunnett’s post hoc test. ##P < 0.01,###P <
0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group; NS, non-significant differences.
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(W/D) weight  ratio  of  the  lung tissue  was  determined to
explore  the  effect  of  YQP  on  pulmonary  edema.  The
experimental findings suggested that, in comparison with

the control group, tracheal drip LPS caused a higher W/D
ratio.  Meanwhile,  the  treatment  with  YQP  visibly
alleviated  lung  edema  (Fig. 5B).  Then,  the  pathological

 

 
Fig. 5    YQP inhibits LPS-induced ALI in mice. (A) Schematic diagram of ALI mouse model and treatment process. (B) The W/D ratio of lung
tissues. (C) Representative images of HE staining of lung tissues. (D–E) The expression levels of TNF-α and IL-6 in BALF were determined by
ELISA. (F–I) The expression levels of IFN-β, TNF-α, IL-6 and CXCL10 in lung tissues were detected by qPCR. All data are expressed as mean ±
SEM. Statistical differences were analyzed by one-way ANOVA and Dunnett’s post hoc test. ###P < 0.001 vs. control group; *P < 0.05, **P <
0.01, ***P < 0.001 vs. model group.
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morphology  of  the  lung  tissue  was  observed  by  HE
staining.  The  lung  tissues  of  mice  developed  obvious
lesions  after  LPS  administration,  which  mainly
manifested  as  alveolar  wall  thickening,  a  significant
increase in inflammatory cells, and obvious epithelial cell
necrosis.  As  expected,  treatment  with  different
concentrations  of  YQP or  C-176  improved  the  extent  of
lung injury with  a  gradual  decrease  in  inflammatory cell
infiltration  (Fig. 5C).  We  also  examined  the  levels  of
proinflammatory factors in the BALF. It proved that LPS
enhanced the levels of TNF-α and IL-6 in BALF, whereas
YQP and C-176 effectively reduced LPS-induced TNF-α
and IL-6 expression (Fig. 5D and 5E). To further validate
our  findings,  we  examined  the  transcript  levels  of
interferon-related  genes  (IFN-β and  CXCL10)  and
proinflammatory  factors  (TNF-α and  IL-6)  in  the  lung
tissues.  These  studies  showed  that  the  mRNA  levels  of
these genes in the YQP groups were reduced in the lung
tissues  compared  to  those  in  the  model  group
(Fig. 5F–5I).  In  summary,  YQP  effectively  ameliorates
LPS-induced  ALI  by  suppressing  the  cGAS-STING
pathway.

 Discussion

ALI is a common respiratory emergency. Its pathogenesis
is  complex,  and  it  has  a  high  mortality  rate  [1].  Patients
with  ALI  or  ARDS  have  a  mortality  rate  of  more  than
40% worldwide  [48,49].  Although  experts  and  scholars
have  been  constantly  improving  and  updating  treatment
strategies  for  ALI,  safer  and  more  effective  treatments
have not been found [45]. The cGAS-STING pathway is
one  of  the  crucial  effect  pathways  of  the  body’s  natural
immune system [50]. Recent studies have shown that it is
linked  to  the  initiation  and  development  of  many
inflammatory  diseases  [51],  including  acute  kidney
failure [52], hepatitis B virus infection [53], and systemic
lupus erythematosus [54]. Notably, it was recently shown
that  cGAS-STING  participates  in  the  regulation  of
inflammatory pulmonary injury. Therefore, the search for
signaling modulators targeting the cGAS-STING pathway
provides a promising disease direction for ALI treatment.
YQP is a TCM compound that has been extensively used
in  clinical  practice  and  has  a  variety  of  pharmacological
activities,  such  as  anti-inflammatory,  anti-bacterial  and
anti-viral  activities  [31].  Here,  we  found  that  YQP
effectively  inhibited  cGAS-STING  pathway  activation,
thereby  suppressing  the  expression  of  type  I  interferon
and  inflammatory  cytokines  both in  vitro and in  vivo.
Meanwhile,  YQP  exhibited  significant  protective  effects
against  lung  injury  in  an  LPS-induced  ALI  model,
indicating  that  YQP  could  be  an  effective  agent  for  the
treatment of cGAS-STING-mediated ALI.

Here,  we demonstrate  that  YQP can effectively inhibit
the activation of the cGAS-STING signaling pathway and

reduce  levels  of  phosphorylated  IRF3  and  type  I
interferon. Furthermore, activated STING also modulated
the  NF-κB  pathway  and  suppressed  the  expression  of
inflammatory  cytokines.  Importantly,  we  discovered  that
YQP  did  not  affect  STING  oligomerization  and
speculated  that  it  might  target  its  effect  after  STING
undergoes  translocation.  In  further  experiments,  we
investigated  the  interaction  of  YQP  with  proteins  by
transfecting  exogenous  plasmids  and  found  that  YQP
could  effectively  inhibit  the  binding  of  TBK1-IRF3,  but
had  no  impact  on  STING-IRF3  or  STING-TBK1.  As
indicated in previous studies, activated STING undergoes
translocation from the endoplasmic reticulum to the Golgi
apparatus  during  the  recruitment  and  phosphorylation  of
TBK1  to  form  a  complex,  and  TBK1  further
phosphorylates  STING.  This  complex  further  recruits
IRF3 to form a functional STING signalosome, leading to
IRF3  dimerization  and  nuclear  entry  to  regulate  type  I
interferon expression [14]. In our research, we discovered
that  YQP  suppressed  activation  of  the  cGAS-STING
pathway  by  blocking  the  binding  of  TBK1  to  IRF3.  In
addition, we tried to explore the function of YQP on the
cGAS-STING  pathway  activation  at  the in  vivo level.  It
was  reported  that  DMXAA  is  an  exclusive  STING
agonist [55]. We injected DMXAA intraperitoneally after
YQP treatment and detected the inflammatory response in
the  serum  and  intraperitoneal  resident  immune  cells
(monocytes  and  macrophages)  in  mice.  As  expected,
YQP  was  effective  in  reducing  the  levels  of  type  I
interferon  and  inflammatory  factors  in  the  serum  and
peritoneal lavage fluid, which also proved our conclusion
at the in vivo level.

ALI is an acute inflammatory process characterized by
acute  diffuse  alveolar  wall  damage  due  to  a  variety  of
causes  [56].  ALI  occurs  when  lung  cells  are  frequently
exposed to external infections or other stimuli  that result
in  cell  damage  or  the  release  of  pathogen  DNA.  These
stimuli  activate  pattern  recognition  receptors  present  in
the  cytoplasm,  which  in  turn  promote  cGAS-STING
pathway  activation.  TNF-α and  IL-6  are  important
proinflammatory  factors,  and  their  overexpression  is  a
key  factor  to  aggravate  the  degree  of  the  inflammatory
response  [57].  Reducing  the  levels  of  pro-inflammatory
factors  helps  alleviate  the  inflammatory  response  and  is
the  basis  for  inflammatory  diseases  treating  [58].  In  our
study,  we  found  that  intratracheal  administration  of  LPS
induces a marked inflammatory response in mice, leading
to  marked upregulation of  key downstream molecules  in
the  STING pathway.  This  aligns  with  previous  literature
reports  indicating  hyperactivation  of  cGAS-STING
pathway  under  inflammatory  conditions,  confirming  its
involvement  in  the  pathological  progression  of  ALI.
However,  YQP  not  only  suppressed  type  I  interferon
expression in the ALI mouse model but also reduced the
levels  of  inflammatory  cytokines.  Both in  vivo and
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in  vitro experiments  suggest  that  YQP  effectively
alleviates lung injury in mice by inhibiting the excessive
activation  of  the  cGAS-STING  signaling  pathway  and
suppressing inflammatory responses.

In  conclusion,  we  have  discovered  a  TCM compound,
Yinqiao powder,  which is  effective in  reducing the level
of inflammation and improving the degree of lung injury
in ALI mice and may be involved in inhibiting the cGAS-
STING  signaling  pathway  (Fig. 6).  The  study  suggests
that  YQP  may  be  a  safe  and  effective  modulator  of  the
cGAS-STING  pathway,  which  has  a  good  potential  to
treat  inflammatory  diseases  mediated  by  the  cGAS-
STING pathway.
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Fig. 6    YQP effectively inhibited the cGAS-STING pathway, suppressing the expression of type I interferons and inflammatory cytokines. YQP
demonstrated a significant protective effect on ALI in mice induced by LPS.
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