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Purpose: Psoriasis is a chronic inflammatory skin disease involving complex immune dysregulation, where NLRP3 inflammasome-
mediated pyroptosis—a pro-inflammatory programmed cell death—has been identified as a key driver of disease pathogenesis.
Qingshi anti-itch ointment (QS), a traditional Chinese medicine used for psoriasis, has demonstrated clinical efficacy; however, its
specific impact on the NLRP3-pyroptosis pathway remains unclear. This study therefore aims to elucidate the role and underlying
mechanisms of QS in regulating NLRP3 inflammasome activation in keratinocytes.

Methods: Psoriasis models were established using both in vivo and in vitro approaches: (1) a mouse model induced by topical
application of Imiquimod (IMQ) cream, and (2) a cellular model of keratinocyte pyroptosis stimulated with Lipopolysaccharide (LPS)
and Adenosine triphosphate (ATP) in vitro. Therapeutic effects were evaluated through Psoriasis area and severity index (PASI)
scoring and Hematoxylin-Eosin staining method (HE). NLRP3 inflammasome-mediated pyroptosis was assessed by IHC, RT-qPCR,
and Western blot. Levels of IL-18, IL-1p, IL-17, and IL-22 were measured. Transmission electron microscopy was employed to
examine NHEK cellular ultrastructure and pyroptotic status. MCC950, a specific NLRP3 inhibitor, was used to determine whether QS
modulates keratinocyte pyroptosis through NLRP3 inflammasome regulation.

Results: QS effectively ameliorated IMQ-induced psoriasiform lesions by suppressing keratinocyte pyroptosis and maintaining
cellular integrity. Both in vivo and in vitro experiments demonstrated QS’s ability to inhibit the NLRP3 signaling pathway and
selectively regulate key pyroptotic molecules (Caspase-1/GSDMD), thereby reducing proinflammatory cytokine release. Notably, QS
combined with MCC950 exhibited significant synergistic effects in suppressing NLRP3 inflammasome activation in both IMQ-
induced and LPS/ATP-stimulated models.

Conclusion: QS primarily alleviates psoriasis by modulating keratinocyte pyroptosis through mitochondrial protection, inhibition of
GSDMD-mediated membrane perforation, and downregulation of Caspase-1 activity, collectively attenuating inflammatory responses.
These findings provide novel mechanistic insights into QS’s anti-psoriatic effects and may facilitate the development of innovative
therapeutic strategies for psoriasis.
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Introduction
As the primary cellular barrier of the body, keratinocytes continuously monitor extracellular danger signals by recogniz-
ing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Upon stimu-
lation, these cells activate inflammasomes and caspase-1, resulting in the release of IL-1pB and IL-18, which amplify
immune-inflammatory cascades.'* Keratinocytes, the predominant cell type in the epidermis, play essential roles in skin
renewal, barrier function, and immune defense.

Psoriasis is a chronic immune-mediated inflammatory skin disorder characterized by erythema and silvery-white
scales as its primary clinical manifestations. Psoriasis is characterized by keratinocyte hyperproliferation, abnormal
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differentiation, and infiltration of diverse inflammatory cells, creating a complex network of interactions among
keratinocytes, immune cells, and other skin-resident cells. Both domestic and international studies estimate the global
prevalence of psoriasis to be approximately 2—3%.> Psoriasis, along with its associated comorbidities, imposes significant
physical and psychological distress on patients, as well as a substantial economic burden on families.

During the progression of psoriasis, dysregulated programmed cell death in keratinocytes disrupts proliferation and
differentiation processes, impairing epidermal renewal and facilitating the infiltration of inflammatory cells. This
disruption contributes to the intricate interplay between keratinocytes, immune cells, and other skin-resident cells,
fueling the pathogenesis of psoriasis.*” Intriguingly, keratinocyte pyroptosis has been established as a key player in
psoriatic immunoinflammatory responses. Recent studies'*® have identified cellular pyroptosis as a novel pro-
inflammatory form of programmed cell death,” playing a pivotal role in the initiation and amplification of inflammatory
responses in psoriasis. Pyroptosis is triggered by inflammasome activation,® with the NLRP3 inflammasome being the
most extensively studied. The NLRP3 inflammasome comprises NOD-like receptor protein 3 (NLRP3), ASC, and pro-
caspase-1, the precursor of caspase-1,”'® and has been closely linked to psoriasis pathogenesis. Under resting conditions,
NLRP3 expression in cells remains minimal, but microbial infections or endogenous danger signals stimulate the
assembly of the inflammasome, driving inflammatory responses. While abnormal keratinocyte differentiation and
keratinization are central to psoriasis pathology, normal human keratinocytes produce pro-IL-1p but do not process it
into mature IL-1P. In contrast, psoriatic lesions exhibit significantly elevated caspase-1 activity, enabling the processing
and secretion of mature IL-1pB, with keratinocytes serving as the primary cellular source of IL-1B.°

Consequently, NLRP3 has emerged as a promising drug target for psoriasis treatment. Among the most studied
inhibitors, MCC950 (also known as CP-456773) directly binds to the NACHT domain of NLRP3, maintaining it in an
inactive state.'''* Given that psoriasis and its comorbidities impose substantial physical, psychological, and economic
burdens on patients and families, and considering that current mainstay treatments like oral medications and biologics
still face challenges including safety concerns and non-response or diminished efficacy in a subset of patients,'*'7 it is
therefore imperative to investigate therapeutic strategies targeting the NLRP3 pathway for the development of novel
psoriasis treatments.

Qingshi anti-itch ointment (QS) Comprises six traditional Chinese medicine: Indigo Naturalis [Asteraceae;
Baphicacanthus cusia (Nees) Bremek. extract], Calamina, Gypsum Ustum, Phellodendri [Amurensis Cortex [Rutaceae;
Phellodendron amurense Rupr. bark], Sophorae Flavescentis Radix [Fabaceae; Sophora flavescens Ait. dry roots],
Borneolum syntheticum. The plant names were verified at http://mpns.kew.org/mpns-portal, and the name of Calamina,

Gypsum Ustum, Borneolum syntheticum was authenticated using the Pharmacopoeia of the People’s Republic of China. QS
has the effect of clearing heat and removing toxins, removing dampness and relieving itching. Topical treatment with QS
(Beijing Drug Preparation Z20160001) can significantly reduce the area of lesions in patients with psoriasis, and alleviate the
erythema, hypertrophic infiltration, and scales. Its active ingredient, cynoderma, has anti-inflammatory, anti-proliferating, and
anti-angiogenic effects on keratinocytes and human vascular endothelial cells.'® 2° Network pharmacology and molecular
docking studies have identified the aryl hydrocarbon receptor (AHR) as a key target of indigo, indirubin, and tryptophan—
representative active components of Qingdai. Notably, activation of AHR has been shown to suppress both the activation of
the NLRP3 inflammasome and its gene transcription.”'** We have checked the quality standard of the raw and auxiliary
materials of Qingshi anti-itch Ointment in the previous period, and used thin-layer chromatography to identify its active
ingredients Qingdai, Bitter Ginseng and Phellodendron Bark, and high performance liquid chromatography to determine the
content of indigo and indirubin. The results showed that the thin-layer chromatograms of Qingdai, Bitter Ginseng, and
Phellodendron Bark had obvious spots, and there was no interference from the negative control, and that the concentration of
indigo was in the range of 2.35-4.7 pg (r = 0.9998), and indigofera in the range of 0.00832-0.2912 pg (r=0.9996), which
showed a good linear relationship with the peak area (Supplementary S1).>> This study seeks to explore the molecular

mechanisms and therapeutic targets of Qingshi anti-itch ointment in two experimental models: IMQ-induced psoriasiform
dermatitis in BALB/c mice and LPS/ATP-stimulated keratinocytes.
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Materials and Methods

Materials

The reagents used in this study included: Qingshi anti-itch ointment (Beijing Pharmaceutical Preparation Z20160001) as the
experimental drug; its base ointment (beeswax:olive oil = 1:10) as the negative control; Calcipotriol ointment (Licence No.
HJ20160070, Leo Pharma) as the positive control, and MCC950 (batch no. HY-12815, MCE) as the NLRP3 inhibitor.
MCC950 was prepared as a stock solution by dissolving 1 mg of powder in 1 mL of saline (1 mg/mL). This solution was
warmed to 37°C and administered to mice via daily intraperitoneal injection at a dose of 10 mg/kg body weight.

IMQ-Induced Psoriasis-Like Mouse Model

The back experimental parts of 70 mice were dehairing with electric pusher combined with depilatory cream, the area was
about 2cm*3cm, after 24 hours of dehairing, except for the blank group, the rest of the groups of mice were externally
coated with 5% imiquimod (National Pharmaceutical Standard H20031230, Tianfang Pharmaceutical Co., Ltd). 62.5 mg at
the dehairing parts to make psoriasis-like mouse model, once a day for 7 consecutive days.

Animals
A well-established mouse model was utilized in this study. Specific Pathogen-Free (SPF) male BALB/c mice (8 weeks
old, weighing 20-27 g) were procured from the Centre of Laboratory Animals of SiPeiFu (Beijing) Co., Ltd. (experi-
mental animal quality certificate No. 110324231105899934; experimental animal production license No. SCXK [Beijing]
2019-0010). The mice were housed in standard cages under controlled conditions (22 + 2°C, 45-55% relative humidity,
12-hour light/dark cycle) and provided unrestricted access to water and feed. All animals were maintained in a specific
pathogen-free environment for 7 days prior to the initiation of the experiment.

Seventy mice were acclamatized and fed for 1 week, then given a back dehairing treatment and randomly divided into
7 groups of 10 mice each. In the Control group, 0.5 g of petroleum jelly was applied topically. In the model group,
imiquimod was applied topically to induce psoriatic-like dermatitis. The mice were divided into the following groups: the
Control group received topical application of 0.5 g of petroleum jelly; the Model group was topically treated with
imiquimod to induce psoriasiform dermatitis. Beginning at 6 hours post-modeling each day, the QS, Calcipotriol, and
Base groups were administered a daily intraperitoneal injection of saline at 10 mg/(kg-d). In contrast, the MCC950 and
QS+MCCI950 groups received a daily intraperitoneal injection of MCC950 at the same dosage. Concurrently, the
aforementioned five groups (QS, Calcipotriol, Base, MCC950, and QS+MCC950) were treated with topical applications
of 0.5 g of Qingshi anti-itch ointment, Calcipotriol ointment, base ointment, petroleum jelly, and Qingshi anti-itch
ointment, respectively, using the “one fingertip unit” method for standardized application. This entire regimen was
conducted once daily for 7 consecutive days, after which all mice were weighed and tissues were collected. Body mass
index = [final body weight (g) - initial body weight (g)]/initial body weight (g) * 100%.

Skin Severity Observation

Observation and recording of daily skin lesion changes in mice, using a digital camera to take pictures of the skin lesion
area of the mice, and to ensure that the mice were placed in the same position, at the same height, and with the same
background when taking pictures. According to the corrected PASI score as a standard,”* the severity of erythema,
infiltration and scaling was scored, and divided into five grades from light to heavy, in the order of 0 (none), 1 (light), 2
(medium), 3 (heavy), 4 (very heavy). The mean values of the three scores were calculated to indicate the severity of the
skin lesions, and the mean values of the scores of each group were taken daily to draw a trend curve, thus reflecting the
changes of the skin lesions in the mice.

Cell Culture and Treatment

NHEK cells were purchased from Cyagen Biosciences Inc. of USA. The complete medium composition was as follows: Cells
were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; Cyagen Biosciences Inc., USA) and 1% penicillin/
streptomycin in a humidified incubator maintained at 37°C with 5% CO,. The model was stimulated with a “two-step
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approach” to activate NLRP3 inflammasome: the first step was to give LPS as an initiating signal for NLRP3 inflammasome
activation; the second step was to give ATP as an activating signal for NLRP3 inflammasome activation.?>>°

Alcoholic extract of celadonite anti-itching ointment was prepared by the laboratory of the Institute of Traditional Chinese
Medicine, China Academy of Chinese Medical Sciences, consisting of 60g of calcined glycerite, 30g of calcined gypsum, 20g
of qgingdai, 30g of bitter ginseng, 30g of cyperus rotundus, and 10g of icicle. For use, 500 mg of celadonite anti-itching
ointment powder was dissolved in 20 mL of DMEM culture solution (without fetal bovine serum), stirred, and then passed
through a 20 umol/L cell sieve. Different dose groups (0.25 mg/mL, 0.5 mg/mL, 1 mg/mL, 2.5 mg/mL, 5 mg/mL, 10 mg/mL)
were set up, and the maximum non-toxicity concentration of lapis lazuli itch-relieving ointment extract on NHEK cells was

determined by the CCK8 method. The concentration of NLRP3 inhibitor MCC950 was set at 10 umol/L.*’

Hematoxylin-Eosin Staining Method (HE)

Mouse skin tissues were fixed in 4% paraformaldehyde for 24 hours and subsequently embedded in paraffin. Tissue
sections (5 um thick) were prepared and stained with HE. Pathological and morphological changes in the mouse skin
tissues were examined under a microscope (Ningbo Sunyu Instrument, China), and images were captured using
CaseViewer software.

Immunohistochemistry Assay (IHC)

Mouse skin tissues were fixed in 4% paraformaldehyde for 24 hours and processed for IHC on paraffin-embedded tissue
sections (5 um thickness). Antigen retrieval was performed using citrate buffer solution (pH 6.0), followed by incubation
with 3% H,O, to quench endogenous peroxidase activity. The sections were then incubated overnight at 4°C with the
following primary antibodies: NF-kB p65 Monoclonal antibody (66535-1-Ig, Proteintech, China), NLRP3 Monoclonal
antibody (68102-1-Ig-100, Proteintech, China), Caspase-1 antibody (sc-56036, Santa Cruz, USA), and GSDMD
Polyclonal antibody (20770-1-AP, Proteintech, China). Images of the stained sections were captured using
a microscope (Ningbo Sunyu Instrument, China), and the expression levels of the target proteins were quantified using
Image-Pro Plus 6.0 image analysis software. 3 fields of view were randomly selected from each section without
repeating, and the integrated optical density (IOD) and area were measured respectively. The average optical density
(AOD) was calculated based on I0D/area, reflecting the difference in protein expression per unit area.

Transmission Electron Microscopy (TEM)

After intervention on NHEK cells, cell suspension was made, supernatant was discarded, washed twice with PBS and
centrifuged. The cells were added to glutaraldehyde overnight at 4°C, fixed, embedded and stained. The cell structure and
pyroptosis status were observed and analysed by TEM (jeol, Japan) and images were captured.

RT-qPCR Analysis

NHEK cells and frozen mouse skin tissue specimens stored at —80°C were utilized for RNA extraction. Total RNA from
mouse skin tissues was isolated using the SuperScript III RT reverse transcription kit (ABI-Invitrogen, USA), while RNA
from cells was extracted using TRIZOL reagent (Invitrogen, USA). The isolated RNA was reverse-transcribed into
cDNA using specific primers. The mRNA expression levels of cytokines, normalized to B-actin expression, were
quantified using a fluorescence quantitative PCR instrument (Applied Biosystems, USA). Details of the primers used
for each target gene are provided in Table 1.

Western Blot (WB)

NHEK cells and mouse skin tissue specimens frozen in —80°C freezer were taken. Cells were lysed with 1XRIPA lysis solution
(Biyun Tian, China), and proteins were extracted by centrifugation at 4°C and 12000g for 15 min. The protein concentration was
quantified by BCA protein concentration assay kit (MDL, China). Proteins from each sample were analyzed using 10% SDS-
PAGE gel electrophoresis. The membranes were incubated overnight at 4°C with primary antibodies, including NF-kB p65
antibody (66535-1-Ig, Proteintech, China), NLRP3 Monoclonal antibody (68102-1-Ig-100, Proteintech, China), ASC Polyclonal
antibody (BD-PT0365-100, Biodragon, China), Anti-pro Caspase-1 antibody (ab179515-40, Abcam, UK), Caspase-1 antibody
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Table | Real-Time PCR Primer Sequences

Gene Name Sequence
B-actin F CTCCTGAGCGCAAGTACTCT

R TACTCCTGCTTGCTGATCCAC
NF-xB F CGAGCTCAAGATCTGCCGATT

R CACAGCAAGAAGATCTCATCCCC
NLRP3 F CCTGGGCAACAATGATCTTGG

R TAAGGCACGTTTTGTTTCACGAT
Caspase-| F CAAGGTGATCATTATTCAGGC

R GCATCCGTTAAGAAATCCTC
GSDMD F GCAACTTCCAAGTCTCCGATG

R CCACCAGAAATTTTCCCTTGTCC

(sc-56036, Santa Cruz, USA), and GSDMD Polyclonal antibody (20770-1-AP, Proteintech, China), and Beta Actin Polyclonal
antibody (AF7018, Affinity, USA). Subsequently, the membranes were incubated for 1 hour with HRP-conjugated Goat Anti-
Rabbit IgG (H+L) (SA00001-2, Proteintech, China) or HRP-conjugated Goat Anti-Mouse IgG (H+L) (SA00001-1, Proteintech,
China) as secondary antibodies. Protein bands were visualized using the ChemiDoc MP Imaging System (ChemiScope 6100,
CLINX Qinxiang, China).

Enzyme Linked Immunosorbent Assay (ELISA)

The concentrations of inflammatory cytokines including interleukin (IL)-18, IL-1B, IL-17, and IL-22 were quantified using
ELISA kits according to the manufacturer’s instructions. Specifically, mouse IL-18 (Catalog No. JL20253), IL-1p (JL18442), IL-
17 (JL20250), and IL-22 (JL20258) were assayed using kits (Shanghai Jianglai, China), whereas human IL-18 (MD13525), IL-1
(MD145659),1L-17 (MD15876), and IL-22 (MD16317) were measured with kits (Beijing BioSciTech, China). The absorbance at
450 nm was determined using a Labsystems Multiskan MS microplate reader (Thermo Fisher Scientific, Finland).

Statistical Analysis

GraphPad Prism 9.5 (GraphPad Software Inc., San Diego, CA) and SPSS 25.0 were used to statistically process the
collected data. Data were expressed as mean + standard deviation (mean = SD), and one-way ANOVA with Tukey’s
multiple comparisons. The criterion for significant difference was set at P<0.05.

Results
QS Ameliorated IMQ-Induced Psoriasis-Like Skin Lesions in Mice

IMQ, a Toll-like receptor 7/8 ligand and potent immune activator, is widely employed to replicate human psoriasis in
mouse models.*’ In this study, we investigated the potential anti-psoriatic effects of QS in vivo using an IMQ-induced
mouse model of psoriasis-like skin lesions. Observations of phenotypic changes in the back skin (Figure 1) and lesion
severity scores (Figure 2A-D) revealed that, following 7 days of IMQ application, the mice developed progressive
erythema, infiltration, and scaling. Over time, the erythema deepened in color, infiltration thickened further, and scaling
became increasingly widespread and pronounced. These lesion indices peaked on day 7, culminating in the development
of psoriasis-like skin lesions. The Base control developed a psoriasiform phenotype comparable to that of the IMQ-
induced mice, both exhibiting dark erythema, hypertrophic infiltrates, and scale accumulation. In contrast, mice treated
with Calcipotriol or QS showed a notable alleviation of symptoms, characterized by a lighter dorsal infiltrate and
significantly fewer and finer scales compared to the IMQ-induced mice. Furthermore, an analysis of the mouse body
mass index revealed the most significant weight loss in the IMQ-induced mice, with the QS group exhibiting a less
pronounced reduction (Figure 2E). Histopathological analysis of the dorsal skin using HE staining showed hyperkeratosis
with hyperkeratosis, hypertrophy of the stratum spinosum, increase in the number of spinous cells, downward extension
of the epidermal protrusion in the form of a mallet, and infiltration of inflammatory cells in the dermis accompanied by
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Control Model Calcipotriol Base QS MccQSO QS+M00950
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D

~

Figure | Effect of each group on IMQ-induced psoriasis-like mouse skin.
Abbreviation: D, Day.

dilation of capillaries after IMQ induction, which was consistent with the pathological manifestations of psoriatic lesions.
In the skin of QS-treated mice the degree of pathological damage was lower, the stratum corneum was thinner, there was
partial restoration of the epidermis, the keratosis was attenuated, occasional hyperkeratosis was seen, the granular layer
was preserved, the spinous layer was thinned, the vasodilatation was insignificant, the inflammatory cell infiltration was
reduced, and the downward extension of the epidermal protuberance was attenuated (Figure 2F).

QS Alleviates LPS+ATP-Induced Pyroptosis and Ultrastructural Damage in NHEK
Cells

Cell viability was detected by CCK-8 assay (Figure 3A), RNA was extracted for gPCR to detect GSDMD, Caspase-1, IL-
1B (Figure 3B-D), and LPS (0.5 ug/mL 12h) + ATP (5mM 30min) was selected to construct the focal pyroptosis model.
Based on the safety range and considering the validity of the subsequent experiments, the concentration of 2.5 mg/mL
drug was selected (Figure 3E).
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Figure 2 (A-D) Trend plot of PASI score, n = 10; (E) Body weight ratio, n = 10. *P < 0.01, **P < 0.00| compared with Control; *P < 0.05, P < 0.01, #*P < 0001
compared with Model %P < 0.05, P < 0.01 compared with QS; AP < 0.05 compared with Mcc950; (F) HE staining of skin tissue, (i) Control; (i) Model; (iii) Calcipotriol; (iv)
Base; (v) QS; (vi) Mcc950; (vii) QS+Mcc950.
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Figure 3 (A) Relative cell viability under LPS+ATP stimulation was analysed in NHEK cells, n=5; (B—D) mRNA levels of Caspase-l, GSDMD, IL-1p under LPS+ATP
stimulation were analysed in NHEK cells, n=3; (E) The effect of QS on the viability of NHEK cells, n=5. *P< 0.05, **P < 0.01, **P < 0.00] compared with Control.
Abbreviation: ns, no significance.

Bacterial infections are a significant contributing factor in both the onset and exacerbation of psoriasis.** In this study, we
used LPS+ATP “two-step method” to establish a keratinocyte pyroptosis model to simulate the pathological process of
psoriasis induced by bacterial infection. The results showed that LPS and ATP treatments significantly disrupted mitochon-
drial function, which together promoted the assembly of NLRP3 inflammatory vesicles, ultimately leading to caspase-1
activation, GSDMD cleavage and IL-1p/IL-18 maturation release. During this process, LPS and ATP stimulated cells showed
typical features of pyroptosis: cell membrane rupture with pyroptotic vesicle formation, mitochondrial cristae degradation and
vacuolisation, endoplasmic reticulum dilatation, and other ultrastructural alterations. QS significantly improved the above
pathological changes: (1) at the morphological level, it effectively protected the integrity of the cell membrane, reduced
pyroptotic vesicle formation, and markedly attenuated the mitochondrial swelling and endoplasmic reticulum dilatation; (2) In
terms of molecular mechanisms, the inhibition of the pyroptosis process was achieved through multi-targeted effects: (a) direct
inhibition of GSDMD cleavage activation, reducing the formation of cell membrane pores; (b) maintenance of mitochondrial
function, possibly through the regulation of mitochondrial membrane potential and scavenging of ROS; and (c) alleviation of
endoplasmic reticulum stress, possibly through the modulation of the response to unfolded proteins. Notably, the combination
of QS with the NLRP3-specific inhibitor MCC950 showed significant synergistic effects, and the cellular ultrastructure and
molecular indexes were close to normal after the combined application, suggesting that QS may complement the upstream
NLRP3 inhibitor by acting on the downstream link of pyroptosis (Figure 4).
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Figure 4 NHEK transmission electron microscopy results. Red arrow: endoplasmic reticulum; blue arrow: cytoplasm.
Abbreviations: N, nucleus; Nu, nucleolus; M, mitochondria.
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QS Inhibits the NLRP3 Signalling Pathway in vivo and in vitro, Targeting a Key Molecule
in the Regulation of Caspase-1/GSDMD Pyroptosis

NLRP3 serves as a critical mediator in the formation of inflammasomes, which activate innate immunity and promote the
release of inflammatory factors, thereby initiating an inflammatory response.** In psoriatic tissues, NLRP3 expression is
markedly elevated compared to normal skin, with levels approximately 3.5 to 4.3 times higher.** These findings suggest
that NLRP3 may play a significant role in the pathogenesis of psoriasis. In the present study, elevated gene and protein
expression of NLRP3-related upstream and downstream factors were observed in IMQ-induced mouse skin tissues. The
results indicated that over-activation of NF-kB signaling could promote the assembly of the NLRP3 inflammasome and
facilitate the cleavage of pro-caspase-1 into active caspase-1. In addition, increased levels of GSDMD mRNA and
protein were detected, suggesting possible cleavage of GSDMD. This process may subsequently lead to the extracellular
release of active inflammatory factors such as IL-1f and IL-18 through membrane pores, and further induce secretion of
IL-17 and IL-22, ultimately triggering keratinocyte pyroptosis that manifested as skin inflammation and epidermal
hyperproliferation (Figure 5).

We verified the modulation of NLRP3 signalling in psoriasis by QS. In vitro, there was inhibition of pyroptosis-
related targets in keratinocytes by QS, mainly in the protein expression of NF-kB, NF-xB Pp65, NLRP3, Caspase-1,
GSDMD, as well as in the gene expression of NLRP3, Caspase-1 and GSDMD. QS significantly inhibited LPS+ATP-
stimulated NHEK cells (Figure 6). In vivo, QS modulated the expression of NLRP3 inflammatory vesicle-related proteins
and genes equally positively, and although its overall efficacy was slightly lower than that of Calcipotriol, there was no
significant difference between the two in the expression of NF-kB, Caspase-1, and GSDMD genes as well as the proteins
related to NLRP3, which can be seen to show a very high degree of similarity between the two, especially at the protein
level, this similarity was particularly remarkable, suggesting that they may play similar roles or be affected by similar
regulatory mechanisms in the cellular pyroptosis process of keratinocytes (Figure 5). To further clarify the target of
action of QS, immunohistochemical analysis was performed (Figure 7), and it was found that the inhibitory effects of QS
alone versus combined with Mcc950 on Caspase-1 and GSDMD in epidermal acanthosis and basal lamina were
particularly significant, suggesting that QS may not only inhibit the upstream NF-kB/NLRP3 signalling through multi-
target modulation, but may also directly or indirectly intervene in the Caspase-1 activation and GSDMD shearing,
thereby attenuating cellular pyroptosis. In addition, at the molecular level, Base showed no significant difference from the
IMQ-induced mouse model at both protein and gene levels, and QS added the drug to Base, and the two showed no
significant difference in the expression of Caspase-1 genes and proteins as well as in the downstream inflammatory
factors (eg, IL-18, IL-1P, IL-17, IL-22) at the levels were significantly different, which reinforces the idea that QS may
play a role in psoriasis treatment by affecting caspase-1 activity (Figures 5 and 8). Therefore, we believe that QS
demonstrated superior efficacy, which may be due to its ability to act on Caspase-1 and GSDMD, which in turn regulate
IL-18 and IL-1B, key factors in the immune-inflammatory response of keratinocytes, and thus significantly inhibit the
onset and progression of keratinocytes juxtaposition in psoriasis, and positively affect the pathological process of
psoriasis in a therapeutic manner.

QS Enhances Synergistic Inhibition of MCC950 Both in vivo and in vitro

MCC950 is a highly potent and selective NLRP3 inhibitor capable of effectively suppressing inflammasome activation.*
Based on these findings, we aimed to further elucidate the potential mechanisms underlying the anti-psoriatic effects of
QS. In vivo studies demonstrated that the combination of QS with Mcc950 achieved optimal improvement in erythema,
infiltration, and scaling - manifested as lighter erythema, smoother skin texture, and finely fragmented or even absent
scaling (Figure 1). This combination showed particularly outstanding performance in PASI scores, especially for
infiltration and scaling parameters (Figure 2A—D). Regarding body weight index, while QS or Mcc950 monotherapy
had minimal impact on IMQ-treated mice, their combined use showed the least effect, forming a marked contrast with
both untreated IMQ mice and those receiving Base. This suggests that QS can effectively counteract psoriasis-induced
systemic depletion while avoiding drug toxicity, with combination therapy causing even less physiological burden
(Figure 2E). IHC analysis revealed significantly enhanced NLRP3 expression following IMQ stimulation, which was
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compared with Model; %P < 0.05, %P < 0.01, #%&P < 0.001 compared with QS; AP < 0.05, AP < 0.01, MAP < 0.001 compared with Mcc950.
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Figure 6 (A—C) mRNA levels of NLRP3, Caspase- |, GSDMD in NHEK cells, n = 3. (D-1) Protein levels of NF-kB, P65, NLRP3, caspase-1, GSDMD in NHEK cells, n = 3.*P < 0.05,
#P <001, ¥*P < 0,001 compared with Control; “P < 0.05, P < 0.01, P < 0.001 compared with Model; *P < 0.05, %%P < 0.01, #%%P < 0.00| compared with QS; AP < 0.05, AP <
0.0l compared with Mcc950.

markedly reduced in the basal layer after Mcc950 inhibition. This suppression was further potentiated by QS co-
administration, indicating that both Mcc950 (as an NLRP3-specific inhibitor) and its combination with QS may directly
target the NLRP3 inflammasome to block its activation (Figure 7). Further integrated analysis at both gene and protein
levels (Figures 5 and 8 A—D) demonstrated superior therapeutic efficacy of the MCC950+QS combination in mitigating
psoriasis progression. Notably, compared to Mcc950 monotherapy, the combined regimen showed significantly stronger
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Figure 7 (A-D) AOD values of NF-kB, NLRP3, Caspase-|, and GSDMD immunohistochemical staining in skin tissues from each group, n =3. (E-H) Immunohistochemical
Staining for NF-kB, NLRP3, Caspase- |, and GSDMD in skin tissues from each group. (i) Control; (ii) Model; (iii) Calcipotriol; (iv) Base; (v) QS; (vi) Mcc950; (vii) QS+Mcc950.
*P < 0.05, *P < 0.01, #*P < 0.00] compared with Control; *P < 0.05, #P < 0.01, #P < 0.001 compared with Model; *P < 0.05, %%P < 0.01, 4P < 0.001 compared with
QS; AP < 0.05, MAP < 0.001 compared with Mcc950.
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Figure 8 (A-D) Mouse skin tissue IL-18, IL-IB, IL-17, IL-22 levels, n = 6. (E-H) IL-18, IL-1p, IL-17, IL-22 levels in NHEK cells, n = 3. *P < 0.05, **P < 0.0, **P < 0.001
compared with Control; *P < 0.05, *P < 0.01, P < 0.001 compared with Model; &P < 0.05, P < 0.01, &P < 0,001 compared with QS; AP < 0.05, AP < 0.01,
AMP < 0.001 compared with Mcc950.

inhibition of NF-kB, NLRP3, and Caspase-1 at both transcriptional and translational levels, along with more pronounced
suppression of ASC, Pro-Caspase-1, IL-18, and IL-17 protein expression. These findings suggest that when pyroptosis
pathway is inhibited, QS may exert enhanced anti-psoriatic effects by modulating NF-kB expression, interfering with
inflammasome assembly, reducing Caspase-1 levels, and consequently diminishing downstream inflammatory cytokine
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production. This mechanism likely represents a crucial therapeutic target through which QS treats psoriasis via
pyroptosis-related pathways, offering novel perspectives and potential therapeutic strategies for psoriasis management.

Consistent with the in vivo results, our in vitro experiments (Figure 6) systematically compared the characteristics of
QS and MCC950, revealing complementary regulatory sites and potential synergistic mechanisms between the two
within the pyroptosis pathway:

(1) In targeting the upstream NLRP3 component, MCC950 demonstrated a more direct inhibitory trend. At both
mRNA and protein levels, NLRP3 expression in the MCC950-treated group was lower than in the QS group. Although
this difference did not reach statistical significance, it aligns with MCC950’s molecular mechanism of specifically
binding to the NACHT domain, suggesting its potential advantage in directly blocking inflammasome assembly. In
contrast, QS exhibited a relatively limited direct impact on NLRP3. (2) In regulating the downstream pyroptosis
execution phase, QS displayed a crucial enhancing effect. Firstly, regarding the inhibition of the pore-forming protein
GSDMD, the combination of QS and MCC950 showed significantly stronger suppression of GSDMD mRNA than
MCC950 alone, and restored GSDMD protein levels to near-normal. This indicates that QS may effectively reinforce the
blockade of the final execution step of pyroptosis. Secondly, although the two monotherapies showed comparable
inhibition of Caspase-1, their combination further reduced Caspase-1 expression at both transcriptional and translational
levels. This suggests that QS might enhance the suppression of Caspase-1 activity across the entire pathway via
synergistic or parallel pathways, thereby more thoroughly curbing the amplification of inflammatory signals. (3) The
combination therapy demonstrated remarkable synergistic effects: In NHEK cells, where all measured pyroptosis path-
way markers showed no significant difference from normal cells. These comprehensive results demonstrate that QS
primarily targets downstream execution events mediated by GSDMD (membrane pore formation) and Caspase-1
activation, creating perfect cascade blockade when combined with MCC950’s upstream NLRP3 inflammasome inhibi-
tion. This complementary action achieves complete pathway suppression from initial activation to final effector steps.

QS Inhibits the Release of Inflammatory Cytokines

Deficiency in IL-1 receptor antagonists is closely associated with cutaneous autoimmune diseases, particularly as IL-1f
and IL-18 - key effector molecules of pyroptosis - play pivotal roles in psoriasis pathogenesis. IMQ treatment
significantly elevated cutaneous levels of inflammatory mediators including IL-18, IL-1, IL-17, and IL-22. QS treatment
markedly reduced the production of these inflammatory cytokines, an effect not observed with Base. Notably, the QS
+MCC950 combination demonstrated superior suppression of IL-18 and IL-17 levels compared to MCC950 monother-
apy (Figure 8A—D). In vitro experiments (Figure 8E—H) confirmed that LPS and ATP stimulation significantly elevated
levels of IL-1pB, IL-18, IL-17, and IL-22, validating the central role of pyroptosis in driving a robust inflammatory
cascade. Although QS markedly reduced these cytokine levels, its efficacy when used alone was weaker than that of
MCC950, which directly targets NLRP3. This suggests that QS has a limited direct inhibitory effect on the upstream
NLRP3 inflammasome. However, the combination of QS and MCC950 demonstrated optimal global suppressive
efficacy, restoring all cytokine levels to near-normal ranges. Most notably, in inhibiting IL-18 and IL-17, the combined
application showed significantly superior effects compared to MCC950 alone, indicating that this combination strategy
may possess a unique synergistic advantage in modulating the specific inflammatory axis (IL-18/IL-17). These results not
only confirm the synergistic effect of the drug combination from multiple perspectives but also reveal that QS may
possess a multi-targeted mode of action beyond a single pyroptosis pathway in alleviating psoriatic inflammation, thereby
laying a critical theoretical foundation for the development of novel therapeutic strategies.

Discussion

Psoriasis currently affects approximately 125 million people worldwide.*® Its pathological mechanisms are highly
complex but primarily involve chronic inflammation, autoimmune dysregulation, and genetic predisposition.*’ Among
these factors, chronic inflammation plays a pivotal role in the pathogenesis of psoriasis. In recent years, the NLRP3
inflammasome has gained increasing attention as a trigger of inflammatory responses.>® Elevated levels of NLRP3-
mediated pyroptosis have been observed in psoriatic skin lesions, particularly within keratinocytes.>* Activation of the
NLRP3 inflammasome through the NF-xB signaling pathway initiates caspase-1 activation, triggering inflammatory
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responses and pyroptosis, which has progressively become a breakthrough point in psoriasis research. Traditional
Chinese medicine formulations have demonstrated considerable potential in alleviating psoriasis due to their multi-
component composition, multi-target mechanisms, and favorable safety profile, making them a viable alternative
therapeutic approach. The clinical application of QS in psoriasis treatment has confirmed its efficacy, with its active
components capable of suppressing NLRP3 inflammasome activation and gene transcription.?'** Therefore, QS repre-
sents an effective therapeutic strategy for psoriasis by targeting the NLRP3 inflammasome signaling pathway to
minimize detrimental effects.

In this study, we initially evaluated the effect of QS on IMQ-treated mice with psoriasis. The results demonstrated that
QS effectively alleviated the psoriatic condition. IMQ, an agonist of Toll-like receptor 7/8, is known to induce dermatitis
in mice that closely resembles human psoriasis*® and is widely used to establish psoriatic-like mouse models.
Interestingly, IMQ-treated mice developed psoriatic-like skin conditions, including erythema, epidermal thickening,
and increased scaling severity scores. Furthermore, the base ointment alone had no therapeutic effect, whereas QS
treatment ameliorated both the phenotypic and histological changes induced by IMQ. The body mass index (BMI) serves
as an important parameter reflecting the general health status of mice and may correlate with disease severity and
inflammatory responses. QS administration significantly reduced the IMQ-induced increase in BMI. In addition, recent
studies have shown that biologics targeting IL-17 exhibit remarkable efficacy in clinical treatment.*"*** IL-1p promotes
IL-17 secretion by activating dermal T cells, while IL-18 expression levels not only positively correlate with PASI scores
but are also significantly higher in active lesions compared to stable plaques.*? Similarly, our results indicated that QS
intervention markedly suppressed the release of inflammatory cytokines in IMQ-treated mice. These findings collectively
demonstrate the anti-inflammatory properties of QS.

Pyroptosis, a significant form of programmed cell death, is primarily mediated through the canonical caspase-
1-dependent pathway and the non-canonical caspase-4/5/11-dependent pathway.** In the canonical pathway, following
recognition of PAMPs/DAMPs by pattern recognition receptors, the ASC adapter protein recruits pro-caspase-1 to form
the inflammasome complex.! Activated caspase-1 subsequently exerts dual pro-inflammatory effects: (1) it cleaves
GSDMD to generate the pore-forming N-terminal domain, which induces plasma membrane perforation and osmotic

imbalance™’; (2) it facilitates the maturation and release of pro-IL-1p and pro-IL-18,**7

thereby amplifying inflamma-
tory responses. Currently, the role of pyroptosis in the pathogenesis of psoriasis is predominantly attributed to cellular
pyroptosis driven by the activation of the NLRP3 and AIM2 inflammasome pathways. In this process, NF-xB signaling
activates inflammasomes, which subsequently trigger caspase-1 activation. This leads to the cleavage of GSDMD and the
maturation of pro-IL-1f and pro-IL-18 into their active forms, IL-1f and IL-18. These active cytokines further stimulate
the IL-23/Th17 pathway, promoting the release of large quantities of inflammatory cytokines and chemokines. This
cascade ultimately results in skin inflammation and epidermal hyperproliferation.*® Therefore, we further investigated the
effects of QS on the NLRP3 signaling pathway in psoriasis. In addition to the IMQ-induced psoriatic mouse model, we
established an in vitro pyroptosis model by treating keratinocytes with LPS and ATP to simulate bacterial infection-
related pathological processes. NLRP3 inflammasome activation involves a complex cascade comprising two critical
phases: priming and assembly. In the priming phase, microbial components or endogenous danger signals activate the
TLRs/NF-kB pathway, leading to the upregulation of NLRP3, pro-IL-1p, and pro-IL-18 transcription.*’ The assembly
phase is triggered by ATP-induced P2X7 receptor-mediated K efflux and Ca®" influx, with additional contributions from
mitochondrial dysfunction and lysosomal rupture mechanisms.>*>°>* In LPS/ATP-stimulated NHEK cells, QS inter-
vention effectively counteracted the ultrastructural damage induced by LPS/ATP in keratinocytes. The preservation of
plasma membrane integrity and alleviation of mitochondrial swelling and endoplasmic reticulum dilation functionally
confirmed the anti-pyroptotic activity of QS. At the molecular level, this cytoprotective effect can be attributed to its
inhibition of the NLRP3 inflammasome signaling pathway and subsequent regulation of both Caspase-1 and GSDMD.
The consistency between these in vitro mechanisms and our in vivo results strengthens the conclusion that QS alleviates
psoriatic inflammation through this specific pathway. These findings offer new experimental insights into the therapeutic
mechanism of QS in psoriasis and lay a theoretical groundwork for the development of combined treatment strategies
aimed at the pyroptosis pathway.
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MCC950 specifically binds to the NACHT domain of NLRP3, effectively stabilizing it in an inactive state.'"'* This
inhibitory effect is crucial for controlling NLRP3 inflammasome-mediated inflammatory responses and demonstrates
significant therapeutic potential for inflammatory diseases. Our study revealed that QS can potentiate the synergistic inhibitory
effects of MCC950, a finding consistently validated in both in vivo and in vitro experiments. Specifically, QS exerts its
therapeutic action by targeting downstream pyroptotic execution events — including GSDMD-mediated plasma membrane
pore formation and Caspase-1 activation — while MCC950 inhibits upstream NLRP3 inflammasome activation. This
combination creates a comprehensive cascade blockade throughout the pyroptotic pathway. These pivotal findings not only
precisely delineate QS’s primary therapeutic targets within the pyroptosis pathway localized to downstream execution phases,
but more importantly, establish a robust theoretical and experimental foundation for developing innovative combination
therapies based on coordinated “upstream suppression coupled with downstream interception”.

Conclusion

The NLRP3 inflammasome serves as a pivotal therapeutic target for chronic inflammatory diseases.’* This study
investigated NLRP3-related mechanisms to elucidate the psoriasis-pyroptosis relationship and systematically clarify
QS’s multi-target regulation of keratinocyte pyroptosis. Results indicate QS exerts therapeutic effects primarily by
preserving mitochondrial function, inhibiting GSDMD-mediated membrane pore formation, and downregulating
Caspase-1 activity to block pyroptosis execution, though its direct inhibition of upstream NLRP3 remains limited.
Significantly, QS demonstrates remarkable synergy with MCC950 (NLRP3 inhibitor), enhancing efficacy while enabling
dosage reduction and minimized side effects. These findings substantiate QS as a promising psoriasis therapeutic that
alleviates disease-related systemic impairment without drug-induced toxicity. Building on its defined role in blocking
downstream pyroptosis, future investigations should assess QS’s potential to concurrently target upstream regulatory
events (eg, mitochondrial ROS, mtDNA release) and non-canonical pathways, which could explain its enhanced efficacy
in combination therapy.
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