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Psoriasis is a chronic skin disease driven by skin inflammation and abnormal subcutaneous
blood vessels. Yinxie Granules (YXKL) is a clinically effective traditional Chinese medicine
(TCM) formula that has shown promise in psoriasis treatment, but its pharmacological mech-
anisms and material basis remain unclear, limiting its clinical application and co-administra-
tion with other drugs. In this study, we explored the mechanism and active components of
YXKL in the treatment of psoriasis using patient samples, IMQ-induced psoriatic mice,
zebrafish, and in vitro assays. We discovered that YXKL alleviated skin inflammation and re-
stored the skin barrier by reducing M1 macrophage/Th17 infiltration, lowering pro-inflam-
matory cytokines (IL-6, IFN-f, IL-23, IL-17), and increasing loricrin expression. Mechanistic-
ally, we identified a dynamic transition in STING signaling during psoriasis progression. Both
the STING/IRF3 and STING/NF-kB pathways were activated in moderate psoriasis, while only
the STING/NF-kB pathway was hyperactivated in severe disease. YXKL specifically targeted
the STING/NF-kB pathway to mitigate inflammation and vasculopathy but had no significant
impact on the upstream regulators, including TRAF6, LKB1, AMPK, and ULK1. Quercetin and
kaempferol were identified as the primary STING-modulating components in YXKL, binding to
STING proteins and inhibiting downstream pathway activation. These flavonoid components
mediate the anti-psoriatic effects of YXKL by simultaneously suppressing skin inflammation
and angiogenesis while enhancing vascular integrity through STING inhibition in both kerat-
inocytes and endothelial cells. Our results elucidated the molecular basis of YXKL for psorias-
is treatment, highlighting STING/NF-xB as a pivotal therapeutic target in mitigating psoriasis
development and providing natural candidate compounds as potential STING inhibitors.

1. Introduction

temic inflammation as well as cardiovascular disease. However,
biologics targeting inflammatory cytokines have not met expecta-

Psoriasis, a chronic inflammatory skin disorder linked to im-
mune system dysfunction, is strongly associated with a spectrum
of systemic comorbidities, including diabetes, cardiovascular dis-
ease, and depression, contributing to increased mortality and so-
cioeconomic burden '. The current understanding of psoriasis
pathogenesis largely centers around the interplay between the
innate and adaptive immune systems and the amplification of
psoriatic inflammation. Various immune cells release pro-inflam-
matory cytokines like TNF-a, IL-23, and IL-17. These cytokines
stimulate keratinocyte hyperproliferation, differentiation, and in-
flammatory cytokine production, intensifying chronic inflamma-
tion and compromising the skin barrier in psoriasis, resulting in
tissue inflammatory damage °. Research by Svedbom et al. * has
demonstrated a correlation between psoriasis severity and sys-
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tions, with some patients showing no response or even experien-
cing exacerbated symptoms .

Emerging evidence underscores the pivotal role of vascular
endothelial cells (ECs) in psoriasis pathogenesis, where they act-
ively contribute to skin inflammation and disease chronicity " °.
Key mediators such as vascular endothelial growth factor (VEGF)
trigger pathological angiogenesis, disrupt vascular barrier integ-
rity, and induce severe psoriasis-like inflammation *"'. A specific
subset of cutaneous ECs expressing insulin-like growth factor
binding protein 7 (IGFBP7) damages the endothelial glycocalyx,
increasing vascular permeability and facilitating immune cell in-
filtration ’. Interactions among Wnt family member 5A (WNT5A)*
fibroblasts, versican (VCAN)" vascular smooth muscle cells, and
inter-alpha-trypsin inhibitor heavy chain 5 (ITIH5)" vascular ECs
promote leukocyte recruitment and angiogenesis '“. However, S-
phase kinase-associated protein 2 (SKP2) knockout in ECs re-
duces angiogenesis and immune cell infiltration at psoriasis le-
sions °. Importantly, a vicious cycle develops where pro-inflam-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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matory cytokines from immune cells compromise endothelial
barriers and promote angiogenesis, while activated ECs release
factors that further amplify immune responses . This crosstalk
between vascular dysfunction and skin inflammation fuels the
chronicity and refractory nature of psoriasis, highlighting the
need for dual targeting of both inflammatory and vascular com-
ponents for effective therapy.

The stimulator of interferon genes (STING), a crucial ele-
ment in cytosolic DNA-sensing, has emerged as a significant play-
er in psoriasis pathogenesis '*'°. Elevated levels of cell-free DNA
in the serum of severe psoriasis patients support its involve-
ment . Upon activation by dsDNA, cyclic GMP-AMP synthase
(cGAS) produces 2',3'-cGAMP (cGAMP), which diffuses through
intercellular gaps and amplifies STING-mediated inflammatory
response '°. Inflammatory cytokines impair the immunological
tolerance of keratinocytes to cytosolic DNA and facilitate the
formation of the STING-TBK1 complex '°. In ECs, STING activa-
tion regulates T-cell adhesion and transendothelial migration via
type 1 interferon *°, and is linked to pathological angiogenesis, in-
creased endothelial permeability, and VEGF production *"**, Col-
lectively, these findings position STING as a key molecular bridge
connecting keratinocytes, immune cells, and ECs in psoriasis de-
velopment. However, the distinct contribution and dynamics of
the STING/IRF3 and STING/NF-xB pathways during disease ex-
acerbation remain unclear. Clarifying these mechanisms is essen-
tial to avoid unintended suppression of protective immunity or
premature discontinuation of therapy.

Traditional Chinese medicine (TCM), known for its holistic
approach and documented efficacy in managing chronic inflam-
matory conditions, offers a promising complementary option.
Yinxie Granules (YXKL), a TCM formula composed of Rhizoma
Smilacis Glabrae (Tu-Fu-Ling) and Smilacis Chinae Rhizoma (Ba
Qia), has been clinically applied for over 60 years and is ap-
proved in China for psoriasis treatment *°. YXKL is often com-
bined with other psoriasis medications to boost therapeutic effic-
acy **. Previous studies have shown that extracts of Rhizoma
Smilacis Glabrae and Smilacis Chinae Rhizoma can lower TNF-«
and IL-6 levels > *°. Total glucosides of Rhizoma Smilacis Glabrae
have also been reported to exert a therapeutic effect on psoriasis
by regulating Th17/Treg balance *’. However, the unclear mo-
lecular mechanisms and material basis underlying the anti-psori-
atic effects of YXKL have restricted its clinical application rate.

In this study, we uncover the STING/IRF3-to-STING/NF-«kB
transition during psoriasis development, where STING/IRF3 gov-
erns early-phase inflammation while STING/NF-«xB drives chron-
ic progression. Our findings demonstrate that YXKL exerts a sus-
tained anti-psoriasis effect by inhibiting the activation of the
STING-NF-kB signaling pathway, thereby alleviating skin inflam-
mation and remodeling vascular structure and function. Beyond
revealing the molecular mechanism and material basis of YXKL
for psoriasis treatment, our study underscores the critical role of
the STING/NF-kB pathway in modifying the chronic phase of this
disease. Additionally, it expands the repertoire of plant-derived
STING inhibitors for the treatment of psoriasis, offering new
therapeutic options.

2. Materials and methods

2.1. Cell lines

Human Kkeratinocyte cell line HaCaT (Cellcook, Guangzhou,
China) was cultured in Minimum Essential Medium (MEM; Sen-
BeiJia, Nanjing, China) supplemented with 10% fetal bovine ser-
um (FBS; Vazyme, Nanjing, China), 1% MEM non-essential amino
acid (Gibico, USA, 11140050), and 1% penicillin/streptomycin
(SenBeiJia, Nanjing, China). Human monocytic leukemia cell line
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THP-1 (Pricella, Wuhan, China) and human umbilical vein en-
dothelial cells (HUVECs; Cellcook, Guangzhou, China) were main-
tained in Roswell Park Memorial Institute (RPMI) 1640 medium
(Gibico, USA) and modified Dulbecco’s Modified Eagle’s Medium
(DMEM,; Cellcook, Guangzhou, China), respectively, both contain-
ing 10% FBS and 1% penicillin/streptomycin. Peripheral blood
mononuclear cells (PBMCs; ORiCells, Shanghai, China, PBO03F-C-
5M) were utilized immediately following resuscitation.

To investigate the anti-inflammatory effects of quercetin
(Aladdin, Shanghai, China, Q111273) and kaempferol (Aladdin,
Shanghai, China, K107144), PMA (phorbol 12-myristate 13-acet-
ate; MULTI SCIENCES, Hangzhou, China, 70-CS0001)-stimulated
THP-1 cells were treated with LPS (Sigma, USA, L2880, 100
ng-mL™") for 24 h, in the presence or absence of 10 pmol-L™" of
these compounds. Quercetin and kaempferol were dissolved in
DMSO. To screen the inhibitory effects on the STING pathway,
THP-1 cells were treated with these compounds for 2 h, then co-
incubated with cGAMP (10 pg-mL™"; MCE, USA, HY-100564) and
FuGENE 6 transfection reagent (Promega, USA, E2691) for 12 h.
For in vitro psoriasis models, HaCaT cells, PBMCs, and HUVECs
were stimulated with imiquimod (IMQ, 5 pg-mL™; Shanghai
Yuanye Bio-Technology Co., Ltd, China, S81181) or M5 [a mix-
ture of IMQ (5 ug~mL'1), IFN-B (10 ng-mL'l; Peprotech, USA, AF-
300-02B-5), IL-6 (10 ng-mL™"; Primegene, Shanghai, China, 101-
06), IL-17 (10 ng~mL'1; Primegene, Shanghai, China, 101-07), and
TNF-a (10 ng-mL’1; Primegene, Shanghai, China, 103-01)] for
24 h, with or without 10 umol-L™" kaempferol or quercetin.

2.2. IMQ-induced psoriatic murine model

BALB/c female mice (56-62 days old) were purchased from
Vitonglihua Laboratory Animal Technology Co., Ltd. (Beijing,
China). The housing and treatment of the mice were approved by
the Ethical Committee for Animal Experiments of the Nanjing
University of Chinese Medicine (Nos. 202304A011 and
202509A012). Mice were randomly divided into a control group,
a model group, a 1.82 g-kg™' YXKL [Rongchang Pharmaceuticals
(ZIBO), Ltd., Shandong, China, dissolved in saline] group, and a
3.64 g-kg™" YXKL group. Each group consisted of 18 mice. Before
modeling, Veet hair removal cream was applied to the back skin
of the mice to depilate an area of 2 cm x 3 cm. Two days later, 5%
IMQ cream (SICHUAN MED-SHINE Pharmaceutical Co., Ltd.,
Sichuan, China, 62.5 mg per mouse) was applied to the right ear
and back of the mice for modeling, once daily. The application ra-
tio of the right ear to the back was 1:4. Concurrently with model-
ing, gavage administration was initiated and performed twice
daily at a dose of 0.1 mL/10 g. Both the control and model groups
received an equal volume of saline. The back skin was photo-
graphed daily using a smartphone. The thickness of the right ear,
psoriasis area, and severity index (PASI) score '‘, and body
weight were measured daily. On days 3, 5, and 7 after modeling
and administration, 6 mice from each group were randomly se-
lected and euthanized to collect the back skin and right ear. Addi-
tionally, images of subcutaneous blood vessels in the back skin
were captured during tissue collection.

2.3. Histological analysis

The back skin and right ear of mice were fixed with 4% para-
formaldehyde, dehydrated by ethanol gradient, paraffin-embed-
ded, then sectioned (5 pm), and stained with hematoxylin-eosin
(HE). The images were captured by the Mantra Pathology Work-
station (PerkinElmer, Waltham, USA). The epidermal thickness of
the dorsal skin and the right ear was quantified by Photoshop CS6
software (Adobe, USA). All histological assessments were per-
formed in a blinded manner. The samples were coded by an inde-
pendent researcher and analyzed by another researcher who was



J. Zou et al.

blinded to the group assignments.
2.4. RNA extraction and real-time PCR

Total RNA was extracted from skin lesional samples and cells
using TRIzol reagent (Vazyme, Nanjing, China, R401-01). The ex-
tracted RNA was then reverse transcribed into cDNA using His-
cript II Q RT SuperMix (Vazyme, Nanjing, China, R223-01).
Quantitative PCR reactions were subsequently carried out using
ChamQ SYBR gPCR Master Mix (Vazyme, Nanjing, China, Q331)
on an ABI 7500 system (Applied Biosystems, CA, USA). GAPDH
served as the reference gene, and the relative gene expression
levels were quantified by applying the 27**“ method. The primer
sequences are provided in Table S1.

2.5. Immunofluorescence

In brief, the tissue sections were deparaffinized, rehydrated,
antigenically repaired, and incubated with 3% H,0, to block en-
dogenous peroxidase. After blocking with 5% bovine serum albu-
min (BSA), the samples were incubated with the primary anti-
body at 4 °C overnight. The primary antibodies were as follows:
loricrin (1:50, ABclonal, Wuhan, China, A21039), filaggrin
(1:200, ABclonal, Wuhan, China, A20011), F4/80 (1:2000, Ser-
vicebio, Wuhan, China, GB113373), CD4 (1:200, Servicebio,
Wubhan, China, GB15064), IL-17 (1:200, ABclonal, Wuhan, China,
A12454), CD86 (1:2000, Servicebio, Wuhan, China, GB115630),
CD206 (1:400, Servicebio, Wuhan, China, GB113497), CD31
(1:200, Servicebio, Wuhan, China, GB11315), Z0-1 (1:200, CST,
USA, 13663S), VE-cadherin (1:200, CST, USA, 2500S), STING
(1:200, Proteintech, Wuhan, China, 19851-1-AP), a-SMA (1:200,
CST, USA, 19245). The section was incubated with an HRP-con-
jugated secondary antibody (1:300, Servicebio, Wuhan, China,
GB233030) followed by amplification with iF555-Tyramide
(1:500, Servicebio, Wuhan, China, G1233), iF488-tyramide
(1:500, Servicebio, Wuhan, China, G1231), or CY3-tyramide
(1:500, Servicebio, Wuhan, China, G1223), or directly incubated
with a Cy5-conjugated secondary antibody (1:400, Servicebio,
Wuhan, China, GB27303), Cy3-conjugated secondary antibody
(1:300, Servicebio, Wuhan, China, GB21303), or Alexa Fluor 488
labeled secondary antibody (1:400, Servicebio, Wuhan, China,
GB25301). For multicolor fluorescence staining, sections were
subjected to antigen retrieval again before incubation with anoth-
er primary antibody. Nuclei were stained with DAPI (Servicebio,
Wuhan, China, G1012). Sections stained for F4/80, CD86, and
CD206 were scanned using Pannoramic MIDI (3DHISTECH, Hun-
gary), while the remaining sections were imaged with a Zeiss mi-
croscope (Zeiss Axio vert A1, Oberkochen, Germany). The images
were analyzed by Image] software (National Institutes of Health,
USA). The samples were coded by an independent researcher and
analyzed by another researcher who was blinded to the group as-
signments.

2.6. Bioinformatic analysis

The mRNA expressions of STING and related genes in the
skin and PBMCs of normal and psoriasis patients were obtained
from the NCBI GEO portal (Accession numbers: GSE78097,
GSE192867, and GSE67853) ***. The ingredients contained in
YXKL, along with their properties such as oral bioavailability
(OB), drug-likeness (DL), and their targets, were sourced from
the TCMSP (https://www.91tcmsp.com/#/database) and Pub-
Chem (https://pubchem.ncbi.nlm.nih.gov/) databases. Targets
related to psoriasis were gathered from the TTD (https://
db.idrblab.net/ttd/), OMIM (https://www.omim.org/), and Gene-
Cards (https://www.genecards.org/) databases. The overlap of
targets between the components and psoriasis was visualized us-
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inga Venn diagram. A network was then constructed by Cyto-
scape software (version 3.2.1) *' linking the targets of compon-
ents (OB = 30% and DL = 0.18) to psoriasis targets, from which
the betweenness centrality and degree values of potentially act-
ive ingredients were derived.

2.7. Patient samples

All blood samples from normal people and psoriasis patients
were from the Second Affiliated Hospital of Nanjing Medical Uni-
versity and approved by the Ethics Committee of the Second Affil-
iated Hospital of Nanjing Medical University (No. [2023]-KY-010-
01). The severity of the patient is graded by the dermatologist.
Serum samples were obtained by centrifugation at 4 °C, 3000
r-min”" for 3 min, and PBMCs were obtained by density gradient
centrifugation using Lymphoprep™ reagent (Serumwerk, Ger-
many). Serum levels of IL-6, IFN-3, IL-17, and IL-23 were detec-
ted using the human IL-6, IFN-f, IL-17, and IL-23 enzyme-linked
immunosorbent assay (ELISA) kits (Biolegend, 430504; 4A Bi-
otech, CHE0274; ZCi BiO, ZC-32412; ZCi BiO, ZC-32426). All stud-
ies were carried out following the principles of the Declaration of
Helsinki.

2.8. Western blotting

Proteins were extracted using lysis buffer (Beyotime, Wuhan,
China, P0013B). Proteins were separated by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, Darmstadt, Germany,
IPVHOO010POPE). Membranes were blocked with 5% non-fat
milk in TBST, then incubated with primary antibodies overnight
at 4 °C. After washing, membranes were incubated with HRP-con-
jugated secondary antibodies for 2 h at room temperature. Sig-
nals were detected using an ECL kit (Abbkine, Nanjing, China,
BMU102-CN) and imaged with a Bio-Rad imaging system
(ChemiDocTMXRS, Bio-Rad, Hercules, USA). The primary anti-
bodies were as follows: B-actin (1:50 000, Proteintech, Wuhan,
China, 66009-1-IG), STING (1:20 000), p-STING (1:1000, CST,
USA, 509078S), Interferon regulatory factor 3 (1:1000, IRF3, CST,
USA, 4302S), p-IRF3 (1:1000, CST, USA, 29047S), p-TBK1
(1:2000, Affinity, OH, USA, AF8190), TBK1 (1:1000, Abcam,
Cambridge, UK, ab40676), NF-kB p65 (1:200, Santa Cruz, USA, sc-
8008), p-NF-kB p65 (1:1000, CST, USA, 3033S), loricrin (1:500,
ABclonal, Wuhan, China, A21039), and Filaggrin (1:2000, AB-
clonal, Wuhan, China, A20011). The secondary antibodies are
goat anti-rabbit IgG (H + L) HRP (1:50 000, Bioworld, Missouda,
USA, BS13278) and goat anti-mouse IgG (H + L) HRP (1:50 000,
Bioworld, Missouda, USA, BS12478). Image] software was ap-
plied to analyze the protein expression levels.

2.9. Immunohistochemistry

Briefly, sections were deparaffinized, subjected to antigen re-
trieval, and treated with 3% H,0, to block endogenous peroxi-
dase. After blocking with BSA, sections were incubated with
primary antibodies targeting IL-6 (1:400, Affinity, OH, USA,
DF6087), IFN-f (1:100, Affinity, OH, USA, DF6471), TNF recept-
or-associated factor 6 (TRAF6, 1:50, Abcam, Cambridge, UK,
AB40675), serine/threonine kinase 11 (LKB1, STK11, 1:200, AB-
clonal, Wuhan, China, A2122), AMP-activated protein kinase
(AMPK, 1:250, ABclonal, Wuhan, China, A1229), and Unc51-like
kinase 1 (ULK1, 1:200, Proteintech, Wuhan, China, 68445-1-IG),
followed by an HRP-conjugated secondary antibody and visual-
ized using DAB (1:50, Servicebio, Wuhan, China, G1212). The
stained sections were imaged with a Mantra Pathology Worksta-
tion and analyzed using Image] software. The samples were
coded by an independent researcher. Subsequent image acquisi-
tion, analysis, and scoring were performed by investigators who
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were blinded to the group assignments.
2.10. UHPLC-Q-TOF-MS/MS analysis

YXKL, kaempferol, and quercetin were ultrasonically dis-
solved in methanol. The concentration of YXKL was 0.1 g-mL™,
while the concentrations of quercetin and kaempferol solutions
were 4, 7,15, 31, 62, 125, 250, 500, 1000, and 2000 ng-mL’l, re-
spectively. The solutions were analyzed using an AB SCIEX Triple
TOF™ 5600 system (AB Sciex, USA). The samples were injected
into a Thermo Acclaim™ RSLC 120 C;g column (3.0 mm x 100
mm, 2.2 pum) at 40 °C. The mobile phase consisted of 0.1% formic
acid in water (A) and acetonitrile (B) at a flow rate of 0.4
mL-min™". The gradient elution program was: 0-3 min, 10% B;
3-28 min, 10%-55% B; 28-32 min, 55%-90% B; 32-35 min,
90% B; 35-38 min, 90%-10% B; 38-40.1 min, 10% B. Mass spec-
trometry was performed using electrospray ionization (ESI)
source with the following conditions: ion source temperature,
550 °C; curtain gas, 40 psi; nebulizer gas, 55 psi; auxiliary gas, 55
psi; ion spray voltage, 5500 V; collision energy, +40 V; declus-
tering potential, +100 V. The mass range was scanned from m/z
50 to 1500. Data were processed using PeakView Software™ (AB
Sciex, USA), and chromatograms were plotted using Origin Pro
9.0 (OriginLab, USA).

2.11. Chemical structural similarity

The structures of compounds were acquired from the Pub-
Chem database, and the structure of STING protein (PBD ID:
6MXE) was obtained from the RCSB PBD database (https://
www.rcsb.org/). The components in YXKL were compared for
structural similarity to the STING inhibitors H-151 and com-
pound 18 using SYBYL-X software (Tripos, USA), and the DoGS-
iteScorer (https://proteins.plus/) was utilized to predict the po-
tential binding pockets for the components to the STING proteins.

2.12. Drug affinity responsive target stability (DARTS) assay

THP-1 cell lysates were prepared using M-PER Mammalian
Protein Extraction Reagent (Thermo, USA, 78503). After centrifu-
gation at 18 000 g for 20 min at 4 °C, the supernatant was di-
vided equally into several portions. Each portion was treated
with or without a 10 pmol-L™" compound (quercetin or kaempfer-
ol) at room temperature for 30 min. Subsequently, pronase
(Roche, 10165921001, Basel, Switzerland) was added to each
portion at varying concentrations and incubated at room temper-
ature for an additional 30 min. The reaction was terminated by
adding 0.5 mol-L™" ethylene diamine tetraacetic acid (EDTA,
Macklin, Shanghai, China) and incubating on ice for 15 min. After
adding the loading buffer, the samples were heated at 70 °C for
10 min for the Western blotting.

2.13. Cellular thermal shift assay (CETSA)

Lysates from THP-1 cells were centrifuged at 20 000 g for 20
min at 4 °C to obtain the supernatant, which was then divided in-
to equal aliquots. After being treated with PBS, 10 ymol-L™" quer-
cetin, or 10 pmol-L™" kaempferol for 30 min at room temperature,
the supernatant was divided into 11 equal portions and heated at
temperatures ranging from 42 to 62 °C (in 2 °C increments) for 3
min each. After cooling at room temperature for 3 min, the
samples were centrifuged again at 20 000 g for 20 min at 4 °C to
obtain new supernatants, which were used to detect STING pro-
tein levels by Western blotting.

2.14. Microscale thermophoresis (MST)

Briefly, the SUMO-His-Tagged STING protein (1.926 nmol-L™,
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TargetMol, Shanghai, China, TMPJ-01206) was labeled using RED-
tris-NTA His Tag 2" Generation Dye (100 nmol-L™", Nano Tem-
per, Munich, Germany, NT-L118). The labeled protein was sub-
sequently mixed with quercetin or kaempferol (the maximum
concentration is 0.25 mmol-L™" and then diluted using PBST). The
mixtures were then loaded into the capillaries, and MST analysis
was performed using the Monolith NT.115 MST instrument (Nan-
oTemper, Munich, Germany).

2.15. Zebrafish model of angiogenesis

Female and male Flil:egfp transgenic zebrafish were pur-
chased from Nanjing Yishuhua Biotechnology Co. (Nanjing,
China). For zebrafish embryos at 24 h post-fertilization, dechori-
onation was performed using 0.1 mg-mL™" trypsin, followed by
random grouping. After stimulation or no stimulation for 24 h,
the juveniles were observed and imaged for neovascularization
using a fluorescence microscope (Leica, M205FA, USA). The area
of the subintestinal vein (SIV) in zebrafish was quantified using
CS6 software (Adobe, USA).

2.16. Tube formation assay

2 x 10* HUVECs were seeded per well in a 96-well plate that
had been pre-coated with Matrigel (Corning, USA, 354234). Cells
were cultured in a cell incubator at 37 °C with 5% CO, to observe
tube formation. Images were captured using a Zeiss microscope
(Zeiss Axio vert A1, Oberkochen, Germany). The number of junc-
tions, number of branches, and branch length of tubules formed
by HUVECs were analyzed by Image] software.

2.17. Measurement of endothelial monolayer transepithelial elec-
trical resistance (TEER) and permeability

HUVECs were resuspended in a drug-containing or drug-free
culture medium and seeded at a density of 2 x 10° cells per well
in the upper chamber of Transwell inserts (0.4 pm, NEST, Shang-
hai, China, 724101). The cells were cultured for 24 h to form a
monolayer. The integrity of the HUVEC monolayer was assessed
by measuring TEER value using a cell impedance meter (Millicell
ERS-2, Merck, Germany). 0.1 mg-mL™ FITC-dextran (40 kDa,
Sigma, USA) was added to the upper chamber. Every 15 min, 100
uL of the medium from the bottom chamber was collected, and
the upper chamber medium was replenished to maintain a con-
stant volume. This process was continued for 1 h. The collected
medium was analyzed using a PerkinElmer Victor V fluorescence
plate reader (excitation: 480 nm, emission: 520 nm) to quantify
the permeability of the HUVEC monolayer.

2.18. Cell adhesion assay

HUVECs were seeded in a 96-well plate and cultured for 24 h
to form a monolayer. Calcein AM (Beyotime, Wuhan, China,
C2012)-labeled THP-1 cells were added and incubated for 30
min. Non-adherent cells were then removed with PBS. Adhesion
efficiency was assessed by counting the adherent Calcein AM-
labeled cells under a fluorescent microscope and analyzing the
images with Image] software.

2.19. Data and statistical analysis

Data are expressed as mean * standard deviation (SD). Be-
fore statistical comparison, the normality of data distribution was
assessed using the Shapiro-Wilk normality test and the
Kolmogorov-Smirnov normality test. One-way analysis of vari-
ance (ANOVA) with Dunnett’s multiple comparisons test was per-
formed for multiple comparisons, while an unpaired t-test was
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used for comparison between the two groups. Statistical signific-
ance was set at P < 0.05.

3. Results

3.1. YXKL treatment delays the progression of IMQ-induced psori-
asis

To evaluate the efficacy and persistence of YXKL in the treat-
ment of psoriasis, we established psoriatic murine models using
IMQ cream and assessed the treatment effects on days 3, 5, and 7
post-modeling. We observed the progressive development of
characteristic lesions including redness, scaling, thickening, de-
squamation, and crust formation (Fig. 1A). Model mice exhibited
significant weight loss alongside increased PASI scores and right
ear thickness compared to controls (Figs. 1B-1D). Treatment
with YXKL (1.82 and 3.64 g-kg™) significantly alleviated these
psoriatic features, with ear thickness reduction evident by day 2
and PASI score improvement by day 4 (Figs. 1A-1D). These
therapeutic effects were maintained throughout the study period
(Figs. 1A, 1C and 1D). Although 3-day YXKL treatment didn’t sig-
nificantly reduce epidermal thickness, prolonged administration
effectively inhibited pathological changes, including epidermal
thickening, hyperkeratosis, Munro microabscess formation, and
dermal vasculature hyperplasia and dilatation (Figs. 1E-1H).
These findings demonstrate that YXKL can both mitigate and sus-
tain protection against psoriasis progression.

3.2. YXKL treatment reduces the inflammatory cell infiltration and
proinflammatory cytokine production to improve skin barrier
impairment

Considering the position of immune cells in the psoriasis
pathogenesis, we further examined the effects of YXKL on inflam-
matory cell infiltration. As expected, YXKL (3.64 g-kg™) signific-
antly reduced infiltration of pro-inflammatory M1 macrophages
and Th17 cells while increasing anti-inflammatory M2 macro-
phages in psoriatic skin (Figs. 2A-2G). Meanwhile, YXKL was able
to significantly reverse the elevated levels of IL-6, IFN-S, IL-174,
and IL-23 genes in the skin lesions of psoriatic mice (Fig. 2H).
These immunomodulatory effects were accompanied by the res-
toration of skin barrier protein loricrin (1.82 g-kg™ YXKL), al-
though filaggrin remained unchanged (Figs. 21-2K). These res-
ults suggested that YXKL might reduce inflammatory cell infiltra-
tion and proinflammatory cytokine release in the skin to alleviate
skin barrier damage in psoriasis.

3.3. YXKL treatment alleviates psoriatic skin inflammatory dam-
age by suppressing the activation of the STING/NF-xB signaling
pathway

To uncover the mechanisms underlying the anti-psoriatic ef-
fects of YXKL, we turned to the GEO database, which revealed ab-
normal expression of TMEM173 (STING) and its related genes in
psoriatic lesions versus normal skin (Fig. 3A). This pattern was
also observed in PBMCs from psoriasis patients (Fig. 3B).
However, significant differences in the gene expression of IRF3,
RELA, NFKB2, TRAF6, and ULK1, which are related to the activa-
tion of the STING pathway, were noted between mild and severe
psoriasis lesional skin (Fig. 3A). Similar disparities in IRF3, RELA,
NFKB1, ULK1, and STK11 expression were seen in the lesional
skin of Asian intermediate plaque psoriasis (Asian intermediate-
LS) and Western large plaque psoriasis (Western large-LS) (Fig.
3C). These results suggested that the STING/NF-kB and
STING/IRF3 signaling axes might dominate to varying degrees in
psoriasis patients with different severities. To confirm our hypo-
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thesis, we collected serum and PBMCs from normal persons and
patients with mild, moderate, and severe psoriasis. The age dis-
tribution of psoriasis patients was similar across groups (30-50
years) (Fig. 3D). Serum levels of STING-related inflammatory cy-
tokine IL-6 and IFN-B in moderate and severe psoriasis patients
were significantly higher than those in normal individuals, while
IL-17 and IL-23 were only increased in severe cases (Figs.
3E-3H). Moreover, compared to healthy individuals, the eleva-
tion of IL-17 and IL-23 in severe psoriasis patients was less pro-
nounced than that of IL-6 and IFN-B, particularly for IL-23 (Figs.
3E-3H). In psoriatic mice, we discovered that IFN- gene expres-
sion increased earlier in the development of psoriasis compared
to IL-23, while the elevation of IL-6 occurred later than that of IFN-
B (Fig. 31). Moreover, both STING/IRF3 and STING/NF-kB path-
ways were activated in PBMCs of moderate psoriasis, but only the
STING/NF-xB pathway was significantly activated in severe
cases, with stronger activation than in moderate psoriasis (Figs.
3] and 3K). STING and TBK1 protein levels were significantly
higher in severe psoriasis patients (Figs. 3] and 3K). These find-
ings suggest STING could act as a severity-responsive switch in
psoriasis, with IRF3-driven IFN-f production being predominant
in early-stage disease, dynamically shifting to NF-kB-mediated IL-
6 dominance as the disease progresses, while relegating the IL-
17/IL-23 axis to a secondary role.

Our mechanistic investigations revealed that 7-day treat-
ment with YXKL significantly suppressed the activation of the
STING/NF-kB pathway in skin lesions without affecting the
STING/IRF3 pathway (Figs. 4A and 4B). Consistently, YXKL (3.64
g'kg™") markedly reduced IL-6 protein levels in dorsal skin le-
sions while leaving IFN-B unchanged (Figs. 4C-4E), despite
downregulating both cytokines at the transcriptional level (Fig.
2H). Moreover, YXKL (3.64 g-kg™") substantially decreased the ex-
pression of IL-17A and IL-23 genes in psoriatic skin (Fig. 2H), an
effect potentially attributable to its suppression of IL-6 produc-
tion. To further elucidate STING pathway modulation, we exam-
ined upstream regulators, TRAF6, LKB1, AMPK, and ULK1 333
Examination of upstream STING regulators showed YXKL (3.64
g'kg™") only modestly attenuated IMQ-induced TRAF6 upregula-
tion without affecting LKB1, AMPK, or ULK1 (Figs. 4C, 4F-4I).
Collectively, our findings indicate that YXKL exerts anti-psoriasis
effects primarily by inhibiting the STING/NF-«kB pathway, rather
than the STING/IRF3 pathway, which may consequently reduce
inflammatory cell infiltration and proinflammatory cytokine re-
lease, thereby alleviating skin barrier damage in psoriasis.

3.4. Discovery of quercetin and kaempferol, the flavonoid compon-
ents in YXKL, as potential STING inhibitors

To identify the active components in YXKL that exert an anti-
psoriasis effect by targeting STING, we first employed UHPLC-Q-
TOF-MS/MS and detected 29 compounds (Fig. 5A, Table S2). We
then used TCMSP and PubChem databases to gather information
and targets for these compounds and combined this with psorias-
is-related targets from the TTD, OMIM, and GeneCards databases.
By mapping the network and analyzing parameters such as the
number of co-targets, oral bioavailability (OB), drug-likeness
(DL), and degree, we identified quercetin, kaempferol, eriodicty-
ol, pratensein, taxifolin, and morin as potential active ingredients
in YXKL for psoriasis treatment (Table S3). By comparing the
structural similarity of these compounds to known STING inhibit-
ors, such as H-151 and compound 18, we found that among the
six identified components, kaempferol and quercetin exhibited
the highest structural similarity to these STING inhibitors (Table
S4). Furthermore, the potential binding pocket predicted by DoG-
SiteScorer showed high similarity to the STING binding pocket re-
ported for compound 18 **, with both kaempferol and quercetin
well-docked into this active site (Fig. 5B, Table S5). Critically,
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Fig. 1 YXKL treatment alleviates IMQ-induced psoriatic lesions. (A) Appearance of murine skin (n = 6). (B) Body weight (n = 6). (C) The PASI score (n = 6). (D) Ear thickness
(n = 6). (E) HE staining of dorsal mouse skin on days 3, 5, and 7 after initiation of modeling and treatment (n = 3). (F) The epidermal thickness of dorsal skin (n = 3). (G) HE
staining of mouse ear skin on days 3, 5, and 7 after initiation of modeling and treatment (n = 3). (H) The epidermal thickness of ear skin (n = 3). Green arrows highlight vas-
culature hyperplasia and dilatation, whereas orange arrows indicate infiltrating immune cells, hyperplastic epidermis, and Munro microabscesse. Data are expressed as
mean * SD, P<0.05, "P<0.01, "P<0.001 vs model group. #P <0.05,*P <0.01, ***P < 0.001 vs control group.

HPLC-MS quantification confirmed that these two top-ranked they exhibited notable anti-inflammatory effects by effectively re-
flavonoids were also major constituents of the formula, with con- ducing the LPS-induced mRNA levels of IL-6, IL-23, IFN-f, and
centrations reaching 1053.97 and 1245.64 ng-mL™", respectively, TNF-a (Figs. S1B-S1E). Kaempferol additionally reversed the LPS-
ina 0.1 g-mL™" YXKL solution (Fig. S1A, Table $6). At 10 umol-L™, induced elevation of IL-18 (Fig. S1F), suggesting that they might
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exert an anti-psoriasis dermatitis by targeting STING. To validate
the STING-binding capability of kaempferol and quercetin, we
performed combined DARTS and CETSA analyses, which con-
firmed their binding to STING proteins at 10 pmol-L™" (Figs.
5C-5F). However, MST revealed moderate binding affinities (Ky =
99.306 + 0.131 pmol-L™ for quercetin and 60.158 * 0.069
umol-L™ for kaempferol), likely limited by the compounds’ solu-
bility (Fig. S1G). We believe solubility limitations may underes-
timate the true binding potential of these compounds, as the
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binding at functional concentrations demonstrates their poten-
tial as the sting regulatory component in YXKL. Further experi-
ments studying their influence on the STING signaling pathway
showed that neither kaempferol nor quercetin affected STING
gene expression in THP-1 cells, but both significantly inhibited
the elevation of IFN-f induced by the STING endogenous ligand
cGAMP (Fig. 5G, S1H). At 10 pmol-L™, quercetin and kaempferol
effectively attenuated cGAMP-triggered activation of the STING/
NF-kB and STING/IRF3 pathways (Figs. 5H and 5I). These results
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Fig. 2 YXKL treatment reduces the inflammatory cell infiltration and proinflammatory cytokine production to improve skin barrier impairment after 7 d of treatment with
IMQ cream and YXKL, immunofluorescence analysis was performed on the dorsal skin lesions of mice. (A) Representative image of F4/80" cell infiltration areas (n = 4).
(B) Representative staining of CD86" cell infiltration and CD206" cell infiltration areas (n = 4). (C) Quantification of the F4/80" cell infiltration areas (n = 4). (D) The ratio of
CD86" and CD206" cell infiltration area (n = 4). (E) Quantification of the CD206" and CD8" cell infiltration area after 7 d of treatment with IMQ cream and YXKL (n = 4).
(F) Representative staining of CD4" IL17" T cell infiltration areas. (G) Quantification analysis of CD4" T cell infiltration, CD4'IL17" T cell infiltration, and IL-17" areas (n = 4).
(H) mRNA levels of IL-6, IFN-f, IL-17A, and IL-23 in back skin lesions after 7 d of IMQ and YXKL treatment (n = 3). (I-K) Representative staining and quantification analysis
of the epidermal skin barrier-related proteins loricrin and filaggrin (n = 3). Data are expressed as mean + SD, P < 0.05, "P < 0.01, "'P < 0.001.

collectively identified quercetin and kaempferol as STING-target-
ing flavonoid components of YXKL, which bind to the STING pro-
tein and inhibit the activation of the STING signaling pathway.

3.5. Quercetin and kaempferol alleviate psoriatic keratinocyte in-
flammation via STING pathway inhibition

Considering the pivotal role of keratinocytes in psoriatic in-
flammation, we then investigated the effects of quercetin and
kaempferol from YXKL using two distinct stimulation models that
mimic different disease severity levels: IMQ (moderate) and M5
(severe). In IMQ-stimulated HaCaT cells, neither compound
altered loricrin or filaggrin expression (Fig. S2A). By contrast, un-
der M5 stimulation, which incorporates multiple psoriasis-relev-
ant cytokines, kaempferol significantly increased loricrin expres-
sion while quercetin showed a modest elevation (Fig. S2A). Both
compounds differentially modulated inflammatory mediators of
the two models as demonstrated by their effects in IMQ-induced
HaCaT cells, where 10 pmol-L™ treatments downregulated IL-18
and CCL20 mRNA without affecting IL-6, IFN-f, or CCL2 (Figs. 6A,
S2B). In the M5 model, quercetin markedly suppressed the gene
expression of IL-6, IL-1f, CCL2, and CCL20, whereas kaempferol
significantly reduced IL-6 and IL-1f (Figs. 6B, S2C), with CXCL10
remaining unchanged in both models (Figs. S2B and S2C). When
evaluated in PBMCs representing systemic immunity, only kaem-
pferol inhibited M5-induced IL-1f upregulation (Fig. S2D), sug-
gesting that kaempferol and quercetin preferentially target epi-
dermal inflammation. Mechanistic investigations revealed that
both compounds (10 pmol-L™) suppressed STING/NF-kB activa-
tion in IMQ/M5-treated HaCaT cells (Figs. 6C, S2E), with quercet-
in reducing IMQ-induced IRF3 phosphorylation and kaempferol
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showing similar effects in M5-treated cells (Figs. 6C, S2E). The
STING-dependence was further validated through cGAMP re-
versal experiments, which abolished their inhibition of IL-6, IL-
1B, and CCL2 (Figs. 6D, S2F). Moreover, the inhibitory effects of
YXKL-containing serum (YXKL-SD) on the elevated gene expres-
sion of IL-6 and CCL20 in M5-induced HaCaT cells were also re-
versed by the addition of cGAMP (Fig. S2G). These data implied
that kaempferol and quercetin in YXKL ameliorate psoriatic ker-
atinocyte inflammation through STING pathway suppression
while differentially enhancing loricrin expression.

3.6. YXKL targets STING-high expressed endothelial cells to ameli-
orate psoriatic vascular dysfunction by inhibiting angiogenesis and
restoring vascular integrity

Beyond epidermal effects, we asked whether YXKL could im-
prove psoriatic vascular abnormalities, given the role of STING in
angiogenesis. In IMQ-induced psoriatic murine, we observed in-
creased subcutaneous blood vessel length, branching, and branch
length (Figs. 7A and 7B). YXKL treatment significantly attenuated
these pathological changes, reducing the vessel length, branch
number, and branch length in the psoriatic dorsal skin (Figs. 7A
and 7B). Immunofluorescence analysis revealed that 3.64 g-kg™
YXKL decreased neovessel formation (CD31-positive areas), and
enhanced vascular stabilization through increased endothelial
junction protein ZO-1 expression (CD31" ZO-1" areas) (Figs.
7C-7F). Although VE-cadherin expression remained unchanged,
the a-SMA coverage of blood vessels significantly increased after
1.82 g-kg™” YXKL treatment (Figs. 7G-7]), indicating improved
vessel maturation. Importantly, we found that ECs in psoriatic
skin exhibited higher STING gene expression (Fig. 7K). STING
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protein levels were notably elevated in HUVECs compared to Ha-
CaT, THP-1, and PBMCs (Figs. 7L and 7M). Furthermore, signific-
ant STING expression was observed in ECs within psoriatic mur-
ine skin lesions (Fig. 7N). 3.64 g-kg™" YXKL markedly decreased
the STING expression in vascular endothelial cells (Figs. 7N and
70).

Given these observations, we hypothesize that the therapeut-
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ic effects of YXKL on blood vessels may be mediated through the
inhibition of STING in the endothelial cells. We employed kaemp-
ferol and quercetin, the STING-inhibiting components from YXKL,
for verification. We found that 10 umol-L™" quercetin and kaemp-
ferol did not affect the viability of HUVECs under M5 stimulation
(Fig. 8A). However, both compounds demonstrated potent anti-
angiogenic activity, significantly reducing SIV area in zebrafish



. Zou et al. inese Journal of Natural Medicines -
Z A Chil 1 of N | Medicines 24 (2026) 832-848
A 49 5 10 4 25 - 54
£ £ g 5 20 £ 4
2 31 z z 2
o o o o 5
- - H £3
BES o 6 S8 1.5 4 o 3
<5 =3 <3 =3
zZS 2 z9 zZo z 2
232 23 23 2
g £ 44 £~ 1.0 4 Edz-
£= 2% £= £
ERRE E E £=
= ) 2 A Z 051 ERRE
0 - Ny Sy 0 - N 0 - 0-
i~ : > >
Qe“éo s Q@o & o“\@ \@ Q@@ & & ‘ Q@@ ‘& 3 \V\Q éé T
¢ & & N &
%@& S C o & C &\Q & C @@& o
10 pmol-L™! 10 pmol-L™! 10 pmol-L™! 10 pmol-L™"
+ + + +
IMQ IMQ IMQ MQ
B 30 7 s 51 109 . 67
= n = -
g g 4 g 3 g SR
2 2 2 2
3 3 3 3
ES 20 ES £g EX 41
53 N 2 i 5a
5q 53 3 R 6 5
<% <3 <3 <3
z 35 PAS) PAS z 9
232 PR 2 28
g 5 2= 5 g5 44 g d
£ 10+ e £= 23 21
= = = E7
2 CRRE 2 2 2
0- 0~ 0° > &) > & 0 > > > &
<~"‘°\ ¥ &@"& & & ® &é‘& & & V& & ¥ &
N & & <& S & & S Q\’é & S
& (o @@ [ex *3,@ &
10 pmol-L™! 10 pmol-L™! 10 pmol-L™" 10 pmol-L™!
+ + + +
M5 M5 M5 M5
259 . 2.5 1
D
C g g s o faad
k23 o
p-NF=kB p65 65 kDa Es £g
59 15 - 58 15 A
— &}
v [ [
p-IRF3 55 kDa £ <10 A ERSEE
g2 2
IRF3 55 kDa £ g
5 5 5 05 A
o~ ~
p-TBK1 84 kDa
0 - 0 -
TBK1 84 kDa M5 - + + + M5 + +
Quercetin - - + + Quercetin - - + +
p-STING 37 kDa cGAMP - - + cGAMP - - - +
25 1 . 2.5 1
STING 37 kDa = —
= = | -
B-Actin 42 kDa 'é 20 '% 2.0
2 2
s a
M5 - — — — + + + S ;%15'
Quercetin — — + — — + — zZ3 zZ 9
Kaempferol - — — + -+ % S 10 4 é 3 1.0 1
2= 23
S 54 S 051
~ &~
0- 0-
M5 - + + + M5 - + +
Kaempferol - - + + Kaempferol - - + +
cGAMP - - + cGAMP - - - +
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models and decreasing tube formation capacity (junctions,
branches, and branch lengths) in M5-induced HUVECs (Figs. 8B,
8C and S3A). Additionally, they effectively reversed M5-induced
endothelial monolayer permeability, restored TEER values, and
attenuated the adhesion of THP-1 cells to endothelial cells (Figs.
8D, 8E, S3C and S$3D). Mechanistically, although 10 pmol-L™
treatments inhibited the expression of STING protein in M5-stim-
ulated HUVECs without affecting STING activation status, they
markedly suppressed phosphorylation of downstream effectors
IRF3 and NF-kB p65 (Figs. 8G and S3E). Moreover, the addition of
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cGAMP abolished the inhibitory effects of kaempferol and quer-
cetin on tube formation and endothelial barrier function (Figs.
8H, 81, S3F and S3G). Consistent with the results from kaempfer-
ol and quercetin, YXKL-SD effectively reversed M5-induced en-
dothelial monolayer permeability and restored TEER values
(Figs. S3H and S3I). Crucially, these protective effects were also
abolished by the addition of cGAMP (Figs. S3H and S3I). There-
fore, the inhibition of angiogenesis and restoration of vascular in-
tegrity in psoriatic mice by YXKL were mediated through its
flavonoid components kaempferol and quercetin, which down-
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regulated endothelial STING expression and suppressed the ac-
tivation of downstream IRF3 and NF-kB p65.

4. Discussion

Psoriasis is a global skin disease with diverse phenotypes

that requires varied treatment strategies. Although anti-TNF bio-

Chinese Journal of Natural Medicines 24 (2026) 832-848

logics effectively reduce skin inflammation and angiogenesis,
some psoriasis patients develop psoriasiform symptoms with
TNF inhibitors “°. Moreover, not all patients benefit from first-
line biologics. Pre-treatment LPS-induced NF-kB phosphoryla-
tion in DC cells of patients can predict adalimumab non-respo-
nse *°. Although IL-6 levels decline with treatment for psoriasis,
IL-6 targeted therapy is often ineffective or harmful for plaque
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psoriasis, but may benefit pustular psoriasis ***’. IL-6 deficiency
can also upregulate other proinflammatory cytokines, such as
TNF-a V. Thus, long-term targeting of a specific cytokine may dis-
rupt cytokine balance and impair immune surveillance. In this
context, the multi-component natural formulation YXKL offers a
promising alternative. Our experiments demonstrate that YXKL
reduces Th17 cell and M1 macrophage infiltration, downregu-
lates key psoriatic cytokines (IL-17, IL-23, IL-6, IFN-B), and re-
verses pathological angiogenesis. Notably, the multi-component
nature of YXKL suggests its therapeutic effects extend beyond
STING inhibition, with constituents like taxifolin and morin tar-
geting the JAK-STAT pathway ***, contributing to its broad effic-
acy. This multi-target and multi-mechanistic action contrasts
with the singular focus of most biologics and small-molecule
drugs, potentially offering a more comprehensive network regu-
lation, broader efficacy, and a lower risk of therapeutic escape
and disease flares. Coupled with its established safety profile
from decades of use and inherent cost-effectiveness, YXKL
presents a compelling treatment strategy for long-term disease
management and accessibility.

In our study, we observed that inflammatory factors exhibit
phased dynamics during psoriasis progression, with IFN-f likely
triggering the initial inflammatory response, while IL-6 contrib-
utes to the amplification and chronicity of inflammation. Al-
though elevated IL-17/IL-23 levels are well-documented in psori-
asis, our analysis stratified by disease severity revealed that sig-
nificant increases in these cytokines occurred only in severe
cases. Mouse experiments corroborated this staged cytokine ac-
tivation, with IFN-f preceding IL-6 and IL-23. Further supporting
this temporal regulation, we found differential activation of
STING/NF-xB versus STING/IRF3 pathways in PBMCs from pa-
tients with varying disease severity, suggesting a dynamic inter-
play between these signaling pathways during disease progres-
sion. Given the promoting effect of IL-6 on the Th17 cell differen-
tiation and IL-23 secretion “*', IL-17/IL-23 likely act as late-
phase amplifiers, not initiators, of inflammation. This implies that
STING-targeted interventions may achieve superior efficacy in
early-stage psoriasis by intercepting the pathogenic cascade up-
stream of Th17 activation. Indeed, YXKL significantly inhibited
the activation of the STING/NF-«kB pathway, with its therapeutic
effects on psoriatic lesions evident by the third day of treatment
and sustained throughout the modeling period. Among the 29
components detected in YXKL, kaempferol and quercetin were
identified as active ingredients targeting STING, capable of bind-
ing to STING proteins and inhibiting cGAMP-induced STING path-
way activation.

The inflammatory cascade in psoriasis is driven by complex
interactions among immune cells, keratinocytes, and ECs, which
collectively impact the efficacy of psoriasis treatments. Spatial
transcriptomics shows that successful IL-23 monotherapy re-
duces IL-17 signaling by decreasing the number of IL-17-produ-
cing T cells in lesions and requires a > 90% reduction in IL-17 re-
sponse in lymphocyte-proximal keratinocytes **. However, treat-
ment failure may occur due to excessive IL-23 production, over-
active IL-17 signaling, or heightened keratinocyte sensitivity to IL-
17 **. IL-17-induced reprogramming of the urea cycle increases
polyamines in keratinocytes, which activate skin-resident dend-
ritic cells to produce IL-6, enhancing IL-17 secretion and forming
a feedback loop that exacerbates psoriasis inflammation **. The
inflammatory milieu is exacerbated by endothelial glycocalyx de-
gradation and upregulated adhesion molecules, which promote
immune cell migration across the endothelium ’. Disrupted EC
chirality due to physical contact changed the intercellular junc-
tions and increased endothelial permeability ** **. Systemic in-
flammation-induced endothelial barrier dysfunction leads to in-
terstitial fluid accumulation and elevated pressure, potentially
compromising drug delivery and distribution “°. Beyond main-
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taining vascular integrity, ECs exhibit innate immune capabilities,
expressing a variety of receptors including Toll-like receptors
(TLRs), NOD-like receptors (NLRs), and immune checkpoint re-
ceptors such as programmed cell death-ligand 1 (PD-L1)in re-
sponse to inflammatory stimuli *”*"**., Additionally, STING in ECs
regulates T-cell adhesion and transendothelial migration via type
1 interferon *’.

In a murine model of psoriasis, YXKL treatment significantly
decreased M1 macrophage/Th17 cell infiltration as well as le-
sional vascular density, while enhancing endothelial ZO-1 expres-
sion. However, the dose-dependent dissociation between CD31
inhibition (maximal at 3.64 g-kg™) and a-SMA response (ob-
served only at 1.82 g-kg™') suggested that low-dose YXKL permits
pericyte recruitment while partially suppressing angiogenesis,
whereas high-dose YXKL actively prunes STING-high neovessels.
This aligns with clinical evidence that excessive antiangiogenesis
may hinder vascular normalization opportunities *’. Our findings
demonstrate that kaempferol and quercetin exert STING-depend-
ent effects on angiogenesis and endothelial barrier integrity, but
their immunomodulatory functions in ECs require further invest-
igation. Kaempferol and quercetin suppressed M5-induced STING
protein expression in HUVECs along with downstream IRF3 and
NF-kB p65 activation, but they did not directly influence STING
activation status itself. This suggests that for vascular remodel-
ing in psoriasis, these compounds likely act through modulating
STING expression or downstream signaling pathways rather than
directly interfering with STING activation. The dissociation
between STING protein suppression and unchanged activation
state implies a more complex regulatory mechanism underlying
their therapeutic effects.

This complexity arises because STING pathway activation is
regulated by diverse mechanisms and factors. Beyond canonical
cGAS activation, ataxia telangiectasia mutated (ATM) and inter-
feron gamma-inducible protein 16 (IFI16) can induce TRAF6-me-
diated K63 ubiquitination of STING to activate NF-kB **. Con-
versely, cGAMP-induced AMPK-ULK1 phosphorylates STING at
$366, negatively regulating the STING-IRF3 pathway **. Addition-
al layers include Golgi-synthesized sulfated glycosaminoglycans
modulating STING activation intensity °' and adaptor protein
complex 1 (AP-1)/clathrin complexes controlling signal termina-
tion *>. Human STING exhibits heterogeneity, with varying ex-
pression levels of different alleles. The STING HAQ allele severely
impairs over 90% of IFN-B secretion *°. The F269S mutation
causes ligand-independent interferon responses and exacerbates
endothelial activation **. Although our study demonstrated that
YXKL inhibits the activation of the STING/NF-kB pathway in
psoriatic lesions, the multi-component nature suggests the pres-
ence of other components that may be involved in the regulation
of STING signaling. However, our examination of key signaling
molecules (TRAF6, AMPK, LKB1, ULK1) did not reveal significant
regulation. Given that STING activation in psoriasis is primarily
triggered by cytosolic DNA from cells damaged in the inflammat-
ory microenvironment, interventions that protect cellular integ-
rity or dampen broad inflammation might complement direct
STING inhibition. In line with this, other bioactive components in
YXKL, such as astilbin, which mitigates reactive oxygen species
(ROS) accumulation and mitochondrial damage to reduce cytosol-
ic DNA and cGAS-STING activation *>°°; eriodictyol, which allevi-
ates endoplasmic reticulum stress to suppress keratinocyte in-
flammation *’; and taxifolin, which reduces Th17 cell proportion
by inhibiting JAK2/STATS3 signaling *°, could act synergistically or
complementarily to contribute to the overall therapeutic effect.
Our findings also open a transformative research path. Exploring
the combination of YXKL with biologics that target downstream
cytokines of the STING pathway, such as IL-17A. It represents a
promising and clinically relevant direction and will offer valuable
insights into rational drug combinations for enhanced therapeut-
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ic outcomes.

Regrettably, we did not have the opportunity to use STING-
deficient/overexpression mice for in vivo validation, nor could we
rule out the possibility that patients with different STING alleles
might respond differently to treatment. To establish causality and
explore the impact of genetic heterogeneity, future studies should
employ tissue-specific STING knockout/overexpression models
and clinical cohort studies correlating STING genotypes with
treatment response. Furthermore, the current lack of widely ac-
cepted methods to selectively activate the STING-NF-kB pathway
without involving IRF3 presents a fundamental challenge not
only for our work but for the entire field of STING biology. Devel-
oping specific STING-NF-kB agonists and elucidating precise ac-
tivation mechanisms are crucial for advancing STING biology and
developing targeted therapies. Such tools will significantly im-
prove the validation and refinement of STING pathway modula-
tion studies. In addition, although kaempferol and quercetin were
identified as STING inhibitors, the binding characterization re-
quires refinement. DARTS/CETSA confirmed physiological bind-
ing (10 pmol-L™"), but MST-derived K, values may underestimate
affinity due to technical constraints. The cellular environment
may enhance target binding through cofactor interactions. Fu-
ture studies should employ SPR, point mutation, and co-crystal
structure analysis to better identify the specific binding of kaem-
pferol and quercetin to STING. Additionally, lipid-embedded
STING preparations and evaluations of binding kinetics in en-
dothelial cell membranes could provide more accurate models of
the vascular context where these compounds exert their thera-
peutic effects.

5. Conclusion

Our study reveals the different dominant roles of the STING-
IRF3 and STING/NF-xB pathways during psoriasis progression.
This dynamic regulation may potentially represent a therapeutic
strategy that could take effect both in the early stages of the dis-
ease and for maintaining long-term efficacy. The TCM formula,
YXKL, exerts therapeutic effects by inhibiting activation of the
STING/NF-kB pathway, which in turn reduces skin inflammatory
damage and promotes vascular remodeling. Kaempferol and
quercetin are the flavonoid components in YXKL with STING in-
hibitory activity; they bind to STING to suppress downstream
pathway activation, leading to anti-inflammatory effects, inhibi-
tion of angiogenesis, and restoration of endothelial barrier func-
tion.
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