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Background: Houttuynia cordata Thunb, a traditional medicinal herb, is the source of sodium houttuyfonate (SH), a stabilized
derivative with antibacterial, antiviral, and anti-inflammatory activities. Acute rhinosinusitis (ARS) comprises viral, post-viral, and
bacterial forms; bacterial ARS causes severe inflammation and epithelial barrier disruption. Despite wide clinical use, the mechanisms
of SH in ARS remain unclear.

Methods: Network pharmacology was applied to identify SH-associated targets and pathways. An ARS rat model was induced by
inserting Staphylococcus aureus—soaked Merocel sponges into the nasal cavity. Rats received low, medium, or high doses of SH, with
control and positive drug groups. Symptom scoring, CT, histopathology, hematology, ELISA, qRT-PCR, and immunohistochemistry
were conducted. In vitro, human nasal epithelial cells (HNEpCs) were stimulated with lipopolysaccharide (LPS) and treated with SH,
with or without MAPK modulators SB203580 (inhibitor) or Anisomycin (activator). Cell viability, cytokine expression, and ERK/p38
MAPK phosphorylation were assessed.

Results: SH improved nasal symptoms, reduced epithelial injury, and normalized nasal pH in ARS rats. It downregulated IL-1f, IL-6,
TNF-0, and ICAM-1 while upregulating IL-4. Transmission electron microscopy showed restoration of ciliary and mitochondrial
integrity. In HNEpCs, 60 pM SH was optimal by CCK-8 assay. In LPS-stimulated cells, SH suppressed IL-1B/IL-6 mRNA and
inhibited ERK and p38 MAPK phosphorylation; these effects were reversed by Anisomycin, confirming pathway involvement.
Conclusion: SH alleviates sinonasal inflammation in ARS by inhibiting bacterial activity and restoring epithelial integrity through
p38 MAPK/ERK suppression. These findings support SH as a potential therapy for upper airway inflammatory diseases.
Keywords: sodium houttuyfonate, acute rhinosinusitis, houttuynia cordata, p38 MAPK/ERK signaling, inflammation,
ethnopharmacology

Introduction

Houttuynia cordata, a traditional Chinese medicinal herb that is also consumed as an edible vegetable, has been widely
employed for managing upper respiratory infections. Sodium houttuyfonate (SH), a stable derivative of the plant’s
volatile component houttuynin, has demonstrated antibacterial, antiviral, and anti-inflammatory activities.'* Clinically,
SH is widely used as a natural antimicrobial agent to treat upper respiratory infections, including pharyngitis and
bronchitis.>> Despite its widespread clinical use, the mechanisms underlying the therapeutic effects of SH in ARS—
particularly its regulation of inflammation-related pathways—remain unclear.

Acute rhinosinusitis (ARS) is a common inflammatory condition of the nasal and paranasal mucosa. ARS can be
classified into viral, post-viral, and bacterial subtypes. Viral infections account for the majority of cases, but bacterial
ARS is often more severe, characterized by persistent infection, intense inflammatory responses, and disruption of the
epithelial barrier. Clinically, ARS presents with nasal congestion, purulent discharge, facial pressure, and impaired
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Graphical Abstract
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mucociliary clearance. While most viral or post-viral cases are self-limiting, bacterial ARS is prone to recurrent or
chronic transformation, leading to reduced quality of patient survival and increased pressure on the healthcare system.®’
Epithelial damage and infiltration of inflammatory cells are central features of ARS pathophysiology.

Current treatments for ARS primarily involve symptomatic management, antibiotics, and corticosteroids. However,
the overuse of antibiotics has raised concerns about antimicrobial resistance, and corticosteroids—though effective—may
cause systemic side effects and are unsuitable for long-term use.®’ Therefore, there is a dire requirement to investigate
alternative therapeutics that are both safer and more effective, particularly those capable of modulating mucosal
inflammation and restoring epithelial integrity.

In this study, we explored the therapeutic mechanism of sodium houttuyfonate (SH) in acute rhinosinusitis (ARS) by
integrating network pharmacology predictions with experimental validation. An ARS rat model was established by
inserting sterile Merocel nasal sponges soaked in a Staphylococcus aureus suspension into the right nasal cavity. In
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parallel, an in vitro epithelial inflammatory model was developed by stimulating human nasal epithelial cells (HNEpCs)
with lipopolysaccharide (LPS). Particular attention was given to the MAPK signaling pathway, especially the p38 MAPK
and ERK1/2 branches, which are known to regulate inflammatory cytokine production, epithelial barrier integrity, and
mucosal immune responses.'”'" Our objective was to determine whether SH ameliorates ARS by targeting MAPK
signaling to suppress inflammation and protect epithelial structure and function.

Materials and Methods

To provide an overview of the study design, the integrated workflow is illustrated in Figure 1. Briefly, we first performed
network pharmacology analysis to predict the potential targets and signaling pathways of sodium houttuyfonate (SH)
against acute rhinosinusitis (ARS). Subsequently, the ARS rat model was established and treated with SH or reference
drugs, followed by in vivo and in vitro validation experiments.

Network Pharmacology Prediction

The 2D molecular structure of sodium houttuyfonate (SH) was obtained using Marvin (https://freetrial. marvin.cxn.io/),
and its potential target genes were predicted through the SwissTargetPrediction database (http://www.swisstargetpredic
tion.ch/).'* ARS-related genes were retrieved from GeneCards (https:/www.genecards.org/), OMIM (https://www.omim.
org/), and DrugBank (https://go.drugbank.com/) using the keyword “acute sinusitis” and limiting the species to “Homo
sapiens”. A network pharmacology approach was employed to identify the potential molecular targets of SH in the
treatment of acute rhinosinusitis.'> A Venn diagram was generated using the Bioinformatics platform (https://bioinfor
matics.com.cn/) to visualize the overlapping targets between SH and ARS. The intersecting genes were imported into the
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STRING database (https://cn.string-db.org/) to construct a protein—protein interaction (PPI) network, applying

a minimum required interaction score of 0.9 to ensure high-confidence associations. The resulting PPI network was
visualized and analyzed using Cytoscape 3.10.2."* Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed using the DAVID database (https://david.ncifcrf.gov/) to explore the

biological processes and pathways associated with the overlapping targets. The top 10 GO terms and top 20 KEGG
pathways were selected based on p-value ranking and subsequently visualized via the Bioinformatics platform (http://
www.bioinformatics.com.cn/) to highlight the key biological processes and signaling pathways involved in the pharma-

cological action of SH.

Experimental Validation of Predicted Targets

Animal-Based Evaluation of SH in ARS

Experimental Animals

60 SPF-grade male SD rats (6—8 weeks old, 230+ 20 g) were obtained from Shanghai Bikai Keyi Biotechnology Co.,
Ltd. (license No. SCXK (Shanghai) 2023-0009). All animals were provided with irradiated and sterilized rodent feed
formulated for growth and reproduction (Catalog No. XT101JX-001, purchased from Jiangsu Xietong Pharmaceutical
Bio-engineering Co., Ltd). Rats were housed in a clean facility under controlled environmental conditions (temperature:
20-26 °C, relative humidity: 50-60%) and were acclimatized for 1 week before experimentation. All animal experiments
were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the
Laboratory Animal Ethics Committee of Nanjing University of Chinese Medicine (Approval No. 202310A040).

Main Reagents

Sodium houttuyfonate (SH, CAS No. 83766-73-8, purity >98%) was obtained from Shanghai Yuanye Biological Technology
Co., Ltd. (Shanghai, China). Amoxicillin and Clavulanate Potassium Tablets (National Medicine Approval Number.
H20053424), used as a positive control, were supplied by Lunan Better Pharmaceutical Co., Ltd. (Shandong, China).
Eucalyptol, Limonene, and Pinene Enteric Capsules (National Medicine Approval Number. H20052401) were provided by
Beijing Jiuhe Pharmaceutical Co., Ltd. (Beijing, China). Primary antibodies against TNF-a (Bioss, Catalog No. BS-10802R) and
ICAM-1 (Proteintech, Catalog No. 16174-1-AP) were used for immunohistochemical analysis. A standard strain of
Staphylococcus aureus (ATCC 6538) was obtained from Shanghai LuWei Biotechnology Co., Ltd. (China).

Establishment and Grouping of ARS Rat Models

After a one-week acclimatization period, 60 rats were randomly assigned to either the control group (n = 10) or the model
group (n = 50). To induce acute rhinosinusitis (ARS), sterile Merocel nasal sponges were axially retained with
microforceps and gently inserted into the right nasal passage of each anesthetized rat. Subsequently, 10 pL of
Staphylococcus aureus suspension (1.2 x 10° CFU/mL) was instilled to saturate the sponge, thereby establishing
localized infection and inflammation.'> After one week, modeling success was evaluated based on behavioral symptom
scoring for rhinosinusitis in rats. Animals with a total symptom score > 6 and evidence of mucosal thickening or sinus
fluid accumulation on CT imaging were considered successfully modeled for ARS.'® Following model induction, five
rats died during the procedure and were excluded from further analysis. The remaining 45 rats were randomly divided
into five groups (n = 9 per group) for subsequent experiments: a model validation group, SH treatment groups: SH-D
(low, 25 mg/kg), SH-Z (medium, 50 mg/kg), and SH-G (high, 100 mg/kg), and a positive drug control group. The
positive control group received amoxicillin—clavulanate potassium tablets (AMC, 116 mg/kg) combined with eucalyptol-
limonene-pinene enteric soft capsules (ELAP-EC, 92.5 mg/kg). The model validation group was administered deionized
water (10 mL/kg/day) via oral gavage.

Observation Indicators

Observation of General Status and Cumulative Symptom Scores

The rats’ mental status, behavior, physical appearance, food and water intake, as well as fecal and urinary characteristics
were monitored daily. Particular attention was given to nasal symptoms, including the presence, amount, color, and
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Table | Symptom Scoring Criteria for Acute Rhinosinusitis in Rats

Symptom Mild (I Point) Moderate (2 Points) Severe (3 Points)

Nose scratching (times) 14 5-9 210

Sneezing (counts) 14 5-9 210

Nasal discharge Slight nasal discharge | Discharge flowing to nostrils | Discharge adhering around nasal area
Nasal inflammation Nasal congestion Nasal redness and swelling Nasal swelling with bleeding

consistency of nasal discharge, mouth breathing (indicative of nasal obstruction), and nose-scratching behavior. Nasal
symptoms were observed and recorded on days 1, 3, 5, and 7 after drug administration in each experimental group.
Symptom severity was evaluated using a standardized scoring system for rhinosinusitis in rats (Table 1).

CT Imaging of the Paranasal Sinuses

High-resolution computed tomography (CT) was performed to assess sinus inflammation. Scans were acquired using
a small-animal in vivo micro-CT imaging system (Quantum GX, USA). Rats were anesthetized prior to scanning, and
images focused on the nasal and maxillary sinus regions. Mucosal thickening and the presence of sinus effusion were
evaluated as indicators of inflammation severity across groups.

Measurement of Nasal Secretion PH

A precision pH test strip (Sanaisi, Shanghai, China; pH range: 6.4-8.0) was gently inserted into the right nasal cavity of
rats using microforceps and held in place for 10 seconds. The pH value was then qualitatively assessed by the same
investigator using a colorimetric reference chart.

Detection of Hematological

After 7 days of treatment, approximately 1-2 mL of blood was collected from the abdominal aorta of anesthetized rats for
hematological analysis. The samples were gently inverted to mix with anticoagulant and left at room temperature for
10—-15 minutes. White blood cells (WBC), neutrophils (NEU), lymphocytes (LYM) and monocytes (MONO) were
counted and analyzed using a Mindray BC-30Vet fully automated veterinary blood analyzer (China). All samples were
analyzed within 2 hours of collection to ensure data accuracy.

ELISA Analysis

Blood samples were collected from the abdominal aorta and centrifuged at 3000 rpm for 10 minutes at 4 °C to obtain
serum. Serum concentrations of IL-1p (Catalog No. RX302869R), IL-6 (Catalog No. RX302870R), and IL-4 (Catalog
No. RX302872R) were quantified using ELISA kits (RUIXIN, Fujian, China).

Immunohistochemistry of Sinonasal Mucosa Tissue

Sinonasal mucosal tissues were fixed in formalin, dehydrated, embedded in paraffin, and sectioned. Paraffin sections
were subsequently deparaffinized and rehydrated, followed by antigen retrieval using microwave heating in citrate buffer
(pH 6.0). To block endogenous peroxidase activity, the sections were treated with 3% hydrogen peroxide for 30 minutes
and then incubated with 5% BSA to prevent nonspecific binding. Afterward, sections were incubated overnight at 4 °C
with primary antibodies against TNF-a (1:1000) and ICAM-1 (1:1000). Following washing, HRP-conjugated secondary
antibodies were applied for 30 minutes at room temperature. Signal visualization was performed using a DAB substrate
kit, and nuclei were counterstained with hematoxylin. Images were captured under a light microscope, and positive
staining areas were quantified using ImageJ software.

Histopathological Analysis of Sinonasal Mucosal Tissue

Sinonasal mucosal tissues were carefully collected, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned
for histological analysis. Sections were stained with hematoxylin and eosin (H&E) to assess inflammatory changes.
Additionally, small tissue fragments (~1 mm?®) were immersed in 2.5% glutaraldehyde for primary fixation, followed by
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post-fixation in osmium tetroxide. After dehydration and resin embedding, ultrathin sections were prepared and examined
under a transmission electron microscope (TEM) to evaluate ultrastructural alterations.

Quantification of mMRNA Expression in Sinonasal Mucosa of ARS Rats

Approximately 30 mg of sinonasal mucosal tissue was retrieved from a —80 °C freezer and immediately homogenized in
RNAex reagent (Catalog No. AG21101, Accurate Biology, China). Total RNA was extracted using the RNA Extraction
Kit (Catalog No. AG21101-C, Accurate Biology, China), and its concentration and purity were assessed with
a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). Subsequently, 1 ug of RNA from each sample was
reverse-transcribed using the Reverse Transcription Kit (Catalog No. AG11728, Accurate Biology, China). Quantitative
real-time PCR (qRT-PCR) was performed using the SYBR® Green Premix Pro Tag HS gPCR Kit (Catalog No.
AG11718, Accurate Biology, China) on a QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, USA).
The relative expression of target genes was calculated using the 2" method, with GAPDH as the internal control. All
primers were designed, synthesized, and purified by Sangon Biotech (Shanghai) Co., Ltd. (Table 2). The detailed
experimental timeline of animal grouping, interventions, and sample collection is provided in Figure S1.

Cellular Mechanism Verification

Cell Culture

Human nasal epithelial cells (HNEPCs) were obtained from BeNa Culture Collection (BNCC, Catalog No.
BNCC356247, China). Cell line identity was verified via short tandem repeat (STR) profiling. Cells were cultured in
MEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptomycin, and maintained at 37 °C in
a humidified incubator with 5% CO,.

Main Reagents

The CCK-8 kit (Biosharp, Catalog No. BS350B), MEM medium (BasaMedia, Catalog No. L550KJ), and fetal bovine
serum (BDBIO, Catalog No. F801-500) were used for cell culture. Lipopolysaccharide (LPS, CAS No. 93572—42-0) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). SB203580 (CAS No. 152121-47-6) and Anisomycin (CAS
No. 22862-76-6) were obtained from MedChemExpress (MCE, Monmouth Junction, NJ, USA). The following primary
and secondary antibodies were used: phospho-p38 (Abcam, Catalog No. AB178867), p38 (Abcam, Catalog No.
AB170099), phospho-ERK1/2 (Cell Signaling Technology, Catalog No. 4370), ERK1/2 (CST, Catalog No. 4695), B-
Tubulin (Proteintech, Catalog No. 10068-1-AP), and goat anti-rabbit IgG (Immunoway, Catalog No. RS0002).

The Optimal Intervention Concentration of Sodium Houttuyfonate (SH) in LPS-Induced Injury of Human Nasal Epithelial
Cells (HNEpCs) Was Evaluated Using a Cell Viability Assay (CCK-8)

HNEPC in the logarithmic growth phase was inoculated into 96-well plates at a density of 5000/well. After adherence, the
complete medium was removed and replaced with serum-free basal medium for 12 hours to induce cellular starvation. SH was
then administered at concentrations of 0, 15, 30, 60, 120, and 240 uM for 1 hour prior to LPS stimulation. Subsequently,
lipopolysaccharide (LPS, 10 pg/mL) was added to induce an inflammatory response.” Each concentration was tested in
triplicate. After incubation, the medium was discarded, and CCK-8 working solution was added to each well. Plates were

Table 2 Primer Sequences(Human)

Gene Primer Sequences (5’—3’) bp
IL-6 F:AAGCCAGAGCTGTGCAGATGAGTA | 150
R: TGTCCTGCAGCCACTGGTTC
IL-1B F: CCAGGGACAGGATATGGAGCA 129
R: TTCAACACGCAGGACAGGTACAG
GAPDH F: GCACCGTCAAGGCTGAGAAC 138
R: TGGTGAAGACGCCAGTGGA
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Table 3 Primer Sequences(Rat)

Gene Primer Sequences (5’—3’) bp

p38MAPK F: ACCTAAAGCCCAGCAACCTC 183
R: AGCCCACGGACCAAATATCC

HIF-la F: CATCAAGTCAGCAACGTGGA 109
R: GCACGTCATAGGCGGTTTCT

VEGF F:CGGATCAAACCTCACCAAAGCC 80

RTTCTTTGGTCTGCATTCACATCTGC
GAPDH F: GGCACAGTCAAGGCTGAGAATG 143
R: ATGGTGGTGAAGACGCCAGTA

incubated for 1 hour, and absorbance was measured at 450 nm using a microplate reader. Cell viability was calculated using
the following formula: Viability (%) = (A_treatment — A_blank) /(A_control — A_control blank) x 100

Cell Treatment

After 24 hours of adhesion culture, the medium was replaced with serum-free medium for 12 hours to induce nutrient
starvation. Cells were then divided into six groups: Control, Model (LPS only), SH, SB203580, Anisomycin, and SH +
Anisomycin. Except for the Control group, all cells were stimulated with LPS (10 ug/mL) for 6 hours to induce
inflammation. Prior to LPS exposure, cells were pretreated for 1 hour with SH (60 uM) in the SH group, SB203580
(10 uM) in the SB203580 group, Anisomycin (10 pM) in the Anisomycin group, and both SH (60 uM) and Anisomycin
(10 uM) in the SH + Anisomycin group. The Control group received no treatment.

Western Blot

HNEPC cells from each group were harvested and lysed using Western and IP cell lysis buffer, followed by lysis on ice
for 30 minutes. Protein concentrations were determined using a BCA protein assay kit (Catalog No. P0012-1, Beyotime,
Shanghai, China). SDS-PAGE separated equal amounts of total protein (30 pg per lane), transferred onto PVDF
membranes, and blocked with 5% skim milk in TBST for 2 hours at room temperature. The membranes were then
incubated overnight at 4 °C with primary antibodies against p38 (1:1000), phospho-p38 (1:1000), ERK1/2 (1:2000), and
phospho-ERK1/2 (1:1000). Protein bands were visualized via enhanced chemiluminescence (ECL) and quantified with
ImagelJ software.

qRT-PCR

Total RNA was extracted from cultured cells using the same protocols and reagents as described above for tissue samples.
Reverse transcription and quantitative real-time PCR were performed using the AG11728 and AG11718 kits (Accurate
Biology, China), respectively. Relative gene expression levels were calculated using the 22" method, with GAPDH as
the internal control. The primers used in the qRT-PCR assays were designed, synthesized, and purified by Sangon
Biotech (Shanghai) Co., Ltd. (Table 3).

Statistical Analyses

Statistical analyses were conducted using GraphPad Prism software (version 8.0; GraphPad, USA). Data are presented as
mean * standard deviation (SD). Comparisons between two groups were made using an independent #-test (or
a nonparametric test, where appropriate), while differences among multiple groups were evaluated by one-way
ANOVA followed by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant.

Result

Network Pharmacological Target Prediction
The two-dimensional molecular structure of SH is presented (Figure 2A). Using the GeneCards, OMIM, and
DrugBank databases, a total of 1775 ARS-related target genes were collected (Figure 2B). Meanwhile, Based on
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SwissTargetPrediction database, 100 SH targets were identified. A Venn diagram analysis revealed 33 overlapping
genes shared between SH and ARS (Figure 2C). These intersecting genes were then input into the STRING
database to construct a protein—protein interaction (PPI) network, consisting of 25 nodes and 149 edges
(Figure 2D, left). The top 12 genes, including TNF, AKT1, STAT3, EGFR, MMP9, GSK3B, PARP1, ABLI,
BRAF, MCL1, MMP2, and MAPK14 (p38), were identified based on degree ranking (Figure 2D, right). Gene
Ontology (GO) enrichment analysis revealed that the key enriched biological processes include inflammatory
response, positive regulation of ERK1 and ERK2 cascade, and response to xenobiotic stimulus, etc., and the
main molecular functions are endopeptidase activity, metalloendopeptidase activity, protein serine kinase activity,
etc (Figure 2E). KEGG pathway enrichment suggested that the therapeutic mechanism of SH against ARS may be
associated with the TNF signaling pathway, Rapl signaling pathway, and MAPK signaling pathway (Figure 2F).
Based on these findings and previous literature, we hypothesized that SH may alleviate inflammatory responses by
modulating the MAPK signaling pathway. Therefore, we selected the p38 MAPK/ERK pathway for in vivo and
in vitro experimental validation.

In vivo Evaluation of SH in ARS Rats

Effects of SH on General Physical Condition

The ARS model was induced by inserting Merocel nasal sponges soaked with Staphylococcus aureus into the right nasal
cavity. Seven days after nasal packing, model establishment was confirmed by clinical symptoms, CT imaging, nasal
secretion pH, and representative histopathology (Figure 3A). CT imaging revealed mucosal thickening and/or fluid
accumulation in the right sinus cavity (Figure 3B). In the model group, the right nasal cavity was filled with purulent
secretions (Figure 3C). The pH of nasal secretions was measured, showing a significant decrease in the model group
compared to the control group (Figure 3D). Histopathological analysis using HE staining demonstrated a disorganized
arrangement of epithelial cells, with partial epithelial detachment and necrosis. Substantial inflammatory cell infiltration
was observed in the sinonasal mucosal tissue of the model group (Figure 3E and F), whereas the control group exhibited
normal histological architecture (Figure 3G and H).

Effects of SH on Nasal Symptoms

Macroscopic examination of the nasal cavities revealed that rats in the model group displayed prominent purulent
discharge and crusting around the nostrils. In contrast, rats treated with SH (SH-D, SH-Z, SH-G) or the positive control
(AMC + ELAP-EC) exhibited marked improvements in nasal appearance, with visibly reduced secretions and inflam-
mation relative to the model group (Figure 4A).

Effects of SH on Paranasal Sinus CT Scans

CT imaging of the paranasal sinuses revealed mucosal thickening and fluid accumulation in the right sinus cavity of the
model group, indicating pronounced sinus inflammation. In contrast, rats in the SH-treated groups and the AMC +
ELAP-EC group showed reduced mucosal edema and clearer sinus cavities, suggesting that SH effectively alleviated
sinus pathology (Figure 4B).

Effects of SH on Cumulative Symptom Scores

To comprehensively assess the impact of sinonasal mucosal inflammation and the therapeutic effect of SH, cumulative
symptom scores were recorded on days 1, 3, 5, and 7 after treatment. The model group showed a progressive increase in
cumulative scores over time. In contrast, all SH-treated groups and the positive control group demonstrated significantly
lower symptom scores compared to the model group, in a time-dependent manner (Figure 4C).

Effects of SH on pH Value

A notable elevation in nasal pH was observed in the model group, suggesting disruption of mucosal homeostasis. SH
treatment effectively normalized pH levels, with all SH-treated groups and the AMC + ELAP-EC group exhibiting
marked improvements relative to the model group (Figure 4D).
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Figure 3 Validation of ARS rat model. (A) Nasal appearance of rats in control and model groups. (B) Coronal CT images showing mucosal thickening and effusion in the
right sinus. (C) Gross morphology of sinonasal mucosa with purulent discharge in the model group. (D) Measurement of nasal secretion pH in control and model groups.
(E-H) HE staining of sinonasal mucosa ((E and F): control; (G and H): model). Red arrows: ciliary loss; yellow arrows: mitochondrial swelling.

Effects of SH on Hematological Parameters

White blood cell (WBC), neutrophil (NEU), lymphocyte (LYM), and monocyte (MONO) counts were significantly
higher in the model group than in the control group, indicating a systemic inflammatory response. SH treatment
significantly reduced WBC, NEU, and MONO levels relative to the model group. Similar improvements were observed
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Figure 4 Therapeutic effects of SH on clinical symptoms and sinus pathology in ARS rats. (A) Representative nasal appearance in each group after 7 days of intervention. (B)
CT scans showing sinus condition in each group. (C) Cumulative symptom scores on Days |, 3, 5, and 7. (D) Nasal secretion pH values. (n = 6, **p < 0.001 vs control, ##p
< 0.01, ###p < 0.001 vs model).
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Figure 5 Effects of SH on blood cell counts and inflammatory cytokines in ARS rats. (A—D) WBC, NEU, LYM, and MONO counts. (E-G) Serum concentrations of IL-1f, IL-
6, and IL-4 detected by ELISA. (n = 6, **p < 0.01, ***p < 0.001vs. control, ##p < 0.0, ###p < 0.00| vs model).

in the positive control group (AMC + ELAP-EC). Although LYM counts were slightly increased in the model group,
treatment with SH or AMC + ELAP-EC brought them closer to baseline levels (Figure SA-D).

Effects of SH on Inflammatory Cytokines
ELISA analysis revealed that serum levels of IL-1B and IL-6 were significantly elevated in the model group. Treatment
with SH (all dose groups) and the positive control (AMC + ELAP-EC) significantly reduced the concentrations of both
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cytokines, indicating effective suppression of the systemic inflammatory response (Figure SE and 5F). Conversely, IL-4,
an anti-inflammatory cytokine, was markedly decreased in the model group but significantly restored following SH or
AMC + ELAP-EC treatment (Figure 5G).

Effects of SH on the Expression of TNF-a and ICAM-1 in Sinonasal Mucosa

To evaluate the anti-inflammatory effects of SH on sinonasal tissue, the expression levels of the inflammatory markers
TNF-o and ICAM-1 were assessed (Figure 6A). Immunohistochemical staining revealed a marked increase in TNF-a and
ICAM-1 expression in the sinonasal mucosa of ARS model rats compared to controls. In contrast, treatment with SH at
all doses (SH-D, SH-Z, SH-G) and the positive control (AMC + ELAP-EC) significantly reduced both the intensity and
positive area of TNF-a and ICAM-1 staining (Figure 6B and C).

Effects of SH on Sinonasal Mucosa Damage

To preliminarily assess the protective effects of SH in ARS rats, histopathological examinations were performed.
Hematoxylin and eosin (HE) staining indicated that the model group exhibited epithelial disruption, inflammatory cell
infiltration, edema, and partial epithelial shedding. These pathological changes were markedly alleviated in the SH-
treated groups and the positive control group (AMC + ELAP-EC). Red arrows indicate epithelial damage and shedding;
yellow arrows indicate areas of inflammatory infiltration (Figure 7A). Transmission electron microscopy (TEM) showed
that control rats had intact ciliary structures and organelles. In contrast, the model group exhibited severe ultrastructural
damage, including ciliary loss and swollen or degenerated mitochondria. SH and AMC + ELAP-EC treatment preserved
epithelial ultrastructure. Red arrows indicate ciliary alterations; yellow arrows highlight mitochondrial swelling and
inflammatory injury (Figure 7B).

Effects of SH on the mRNA Expression in Sinonasal Mucosa

Quantitative PCR analysis revealed that the mRNA expression levels of MAPK14, HIF-1a, and VEGF were markedly
elevated in the model group relative to the control group (Figure 8A—C), suggesting activation of the MAPK and
hypoxia-related pathways in acute rhinosinusitis. Treatment with SH at various doses (SH-D, SH-Z, SH-G) and with the
positive control (AMC + ELAP-EC) significantly suppressed the upregulation of these genes, with the SH-G and AMC +
ELAP-EC groups exhibiting the most pronounced inhibitory effects.

In vitro Validation in HNEpCs

CCK-8 Experiment to Detect the Optimal Concentration of SH

HNEpCs were stimulated with LPS (10 pg/mL) for 6 hours and subsequently treated with varying concentrations of SH
(0, 15, 30, 60, 120, and 240 uM). The CCK-8 assay revealed a dose-dependent reduction in cell viability with
increasing SH concentrations. The half-maximal inhibitory concentration (ICso) of SH was calculated to be
68.91 uM. Following these findings, 60 uM was selected as the working concentration for subsequent in vitro
experiments (Figure 9A).

Effect of SH on the Morphology Under Different Treatments

Brightfield microscopy revealed that HNEpCs in the model group exhibited morphological disruption, including cell
shrinkage, detachment, and reduced cell density, whereas cells in the control group displayed an intact, polygonal shape
with tight intercellular junctions. SH treatment markedly improved cell morphology, showing increased adherence and
preserved cellular integrity. Similarly, treatment with the p38 MAPK inhibitor SB203580 yielded comparable protective
effects. In contrast, the p38 MAPK agonist anisomycin reversed the beneficial effects of SH. Cells in the SH +
anisomycin group exhibited partially preserved morphology compared to the model group, suggesting that SH may
exert its cytoprotective effect via inhibition of the p38 MAPK pathway (Figure 9B).

Effects of SH on the MAPK Signaling Pathway in LPS-Damaged HNEpC Cells

Western blot examination showed that the model group had significantly higher levels of phosphorylated p38 (p-p38) and
phosphorylated ERK (p-ERK) than the control group. SH treatment markedly reduced both p-p38 and p-ERK levels.
Similarly, the p38 inhibitor SB203580 suppressed phosphorylation, whereas the p38 agonist Anisomycin significantly
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Figure 6 SH reduced inflammatory marker expression in ARS rat nasal mucosa. (A) Representative immunohistochemical staining of TNF-a (upper) and ICAM-1 (lower) in
sinonasal mucosa across six groups (Control, Model, SH-D, SH-Z, SH-G, and AMC+ELAP-EC). (B) Quantification of TNF-a positive area (%). (C) Quantification of ICAM-|
positive area (%). *Data are presented as mean + SD. (n = 3, ***p < 0.001 vs Control; #p < 0.05, ###p < 0.01 vs Model).

reversed the inhibitory effects of SH (Figure 10A). Quantitative analysis revealed a significant reduction in the p-p38/p38
and p-ERK/ERK ratios in both the SH and SB203580 groups, confirming the involvement of the p38 and ERK pathways
(Figure 10B and C).
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Figure 7 SH preserved sinonasal epithelial structure in ARS rats. (A) HE staining showing epithelial architecture and inflammatory infiltration. Red arrows indicate epithelial

shedding; yellow arrows indicate inflammatory cell infiltration. (Scale bar = 20 um). (B) TEM images showing ciliary structure and mitochondrial morphology in sinonasal
mucosa. Red arrows indicate damaged cilia; yellow arrows indicate mitochondrial swelling. (Scale bar = | um) Representative images from six groups are shown.

Effects of SH on the mRNA Expression of IL-1B and IL-6 in LPS-Stimulated Cells

qRT-PCR analysis revealed that the mRNA expression levels of IL-1f and IL-6 were significantly elevated in the model
group. SH treatment markedly downregulated the expression of both cytokines. Similarly, SB203580 suppressed IL-1B
and IL-6 expression, whereas Anisomycin treatment led to a pronounced increase. These findings suggest that SH
mitigates inflammatory responses at least in part by inhibiting p38 MAPK activation (Figure 10D and E).
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Figure 8 SH downregulates expression of inflammation- and hypoxia-related genes in ARS rats. (A-C) qRT-PCR results showing relative expression levels of MAPK 14
(p38), HIF-1a, and VEGF. (n = 3, **p < 0.001 vs control, ###p < 0.001 vs model).
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Figure 9 SH improves cell viability and morphology in LPS-induced Human Nasal Epithelial Cells injury model. (A) CCK-8 assay for optimal SH concentration. (B)
Microscopy images showing morphology under various treatments (control, model, SH+Anisomycin, SH, SB203580, Anisomycin).

Discussion

It is commonly known that the MAPK signaling pathway plays a vital part in regulating key cellular processes, including
morphogenesis, metabolism, and inflammation.'” Recent studies have further implicated dysregulated MAPK activity in
mucosal injury, ciliary dysfunction, and epithelial barrier disruption in upper respiratory tract disorders such as chronic
rhinosinusitis with nasal polyps.'® Sodium houttuyfonate (SH) is widely recognized for its anti-inflammatory and
antimicrobial properties; however, its specific regulatory effects on MAPK signaling in acute rhinosinusitis (ARS)
remain poorly understood. Elucidating this relationship is essential for understanding the pharmacological potential of
SH and facilitating its clinical application.

This study combines network pharmacology with in vivo and in vitro experiments to investigate the therapeutic
effects and potential mechanisms of SH in acute rhinosinusitis (ARS). SH treatment significantly alleviated nasal
symptoms, normalized local pH, and improved radiological signs of sinus inflammation. Histopathological analysis
confirmed reductions in epithelial damage, mucosal edema, and inflammatory cell infiltration. Systemic inflammatory
indicators, including WBC, NEU, LYM, and MONO, were also decreased following SH administration. SH

13448 ‘1o Journal of Inflammation Research 2025:18



Fang et al

A B C

Rk [ D S I s ==| ,,_ .

P'ERKl — A S — zl 164 « .
«Q " *k ] 2 -
P38 [ o — —— e | §10 g
b4 - - m *%k
) [ —— % s W 14 Y
~1 4 HitH
Tublinl--——--l 0.0 .
N AN N
& & & L & & OGRS S RN S & & XD o
ooo‘ & o‘& "9“}) y R 0066 “‘05 @\ %@%‘) @\ o“‘ \x~°b L "9,503 @0\
v&@ %@ 6\6 {\\90 ‘b@ 6\90 {\\bo 6@ 6\90
& v & ¥ & ¥
3 X 3
50_ 500-
) o
<) o -
c 40- c 400 hd
2 2 .
) o -
S 30- 1 S 300
) o <)
b = 2004
o 20- o
] *% S 100+ *k%x 00
o 10+ . )
S P 1 R B . P
e T T T T '\ ' :\ ‘; IQ '
> D . ) O & & » &
& & A"\o ¥ %%%Q %c’\o o"\é @ob 6‘4‘0 ? < &
(¢) @ O& q? 0& €) .(90 0’1‘ .90
& AR & RS
O\ o v
xv‘ V' Qx
3 %

Figure 10 SH inhibits MAPK pathway activation and inflammatory gene expression in vitro. (A) Western blot bands showing p38, p-p38, ERK, p-ERK, and Tubulin
expression. (B and C) Densitometric analysis of p-p38/p38 and p-ERK/ERK ratios. (D and E) qPCR analysis of IL-1B and IL-6 mRNA levels. (n = 3, **p < 0.01, **p < 0.001 vs
control, #p < 0.05, ####p < 0.001 vs model, ooop < 0.001 vs Anisomycin).

downregulated proinflammatory cytokines (IL-1p, IL-6, TNF-a) while upregulating IL-4, a regulatory cytokine, suggest-
ing both local and systemic immunomodulatory effects. These findings were consistent across both the ARS rat model
and the LPS-induced HNEpC inflammation model, supporting SH’s dual protective roles at the tissue and cellular levels.

In animal studies of acute rhinosinusitis (ARS), various modeling approaches have been reported. Traditional
methods often involve surgical opening of the maxillary sinus followed by bacterial instillation into the sinus cavity.'’
While this approach may reliably induce localized inflammation, it does not adequately replicate the natural pathogenesis
of ARS. Moreover, the surgical procedure compromises the anatomical integrity of the sinus cavity, disrupts capillary
networks and ciliary structures, and introduces additional tissue injury and postoperative inflammation. In contrast,
intranasal instillation of Staphylococcus aureus alone has been found to yield low infection rates.”® Therefore, a model
that more closely mimics the etiology and progression of human ARS, without introducing artificial injury, is crucial. In
this study, we established an ARS rat model using expanding nasal sponges combined with intranasal instillation of
Staphylococcus aureus suspension. This method, which closely mimics the dual pathogenic mechanisms of mechanical

obstruction and bacterial infection seen in clinical ARS, avoids invasive surgical manipulation and preserves the integrity
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of the sinonasal structures. Compared with maxillary sinus surgery-based approaches, this model more accurately reflects
the natural progression of mucosal inflammation and has been shown to reduce procedural variability and epithelial
damage unrelated to disease. The pathological features observed in our model—such as mucosal edema, epithelial

disruption, and inflammatory infiltration—were similar to earlier investigations,*®*'

supporting the validity and reprodu-
cibility of this modeling strategy for therapeutic evaluation.

HE staining and transmission electron microscopy (TEM) provided further evidence of the mucosal protective effects
of SH. In the model group, nasal epithelial disruption, ciliary loss, and mitochondrial swelling were consistently
observed, accompanied by mucosal edema and inflammatory cell infiltration. These structural abnormalities impair
mucociliary clearance and barrier function—two essential defense mechanisms of the upper respiratory tract.*> Notably,
SH treatment preserved epithelial integrity, mitigated ciliary damage, and restored mitochondrial morphology.
Mitochondria are critical for supporting ciliary motion and epithelial regeneration, and their dysfunction may exacerbate
local oxidative stress and inflammation.”*** Additionally, alterations in nasal pH observed in the ARS group reflected
a disrupted epithelial microenvironment, while SH partially corrected this pH imbalance, suggesting improved barrier
stability. In addition to structural damage, the pH of nasal secretions serves as a functional biomarker of mucosal
microenvironmental stability. Under physiological conditions, the pH remains mildly acidic, supporting both mucociliary
clearance and antimicrobial activity.”> ARS model rats exhibited a significant shift toward alkalinity, consistent with
epithelial injury and neutrophil activation. SH treatment partially restored pH levels toward normal, further supporting its
role in maintaining mucosal homeostasis.

Mechanistically, our data suggest that SH exerts its anti-inflammatory effects by modulating the MAPK signaling
pathway, particularly the p38 MAPK and ERK1/2 branches. These kinases regulate the expression of downstream
proinflammatory mediators such as IL-1B, IL-6, and TNF-0, which play central roles in the inflammatory cascade of
ARS. SH treatment significantly reduced the phosphorylation levels of p38 and ERK1/2 in both in vivo and in vitro models,
confirming its inhibitory effect on this signaling axis. In the current investigation, we specifically concentrated on these two
branches of the MAPK pathway due to their well-established involvement in inflammation and epithelial injury. Other
MAPK components—especially INK—were not included in the current investigation and warrant future exploration.
Moreover, SH also downregulated ICAM-1, a key adhesion molecule that facilitates leukocyte infiltration and contributes
to epithelial damage during acute inflammation.”®*’ This dual modulation of intracellular signaling and intercellular
adhesion highlights SH’s capacity to attenuate inflammation and preserve mucosal integrity on multiple levels.

Taken together, our findings not only provide experimental evidence that SH effectively alleviates ARS-related
inflammation and epithelial damage, but also establish a mechanistic link between SH treatment and MAPK pathway
modulation. Previous studies have investigated various anti-inflammatory therapies for ARS, including macrolide
antibiotics, corticosteroids, and traditional herbal formulations. While antibiotics primarily reduce bacterial load and
corticosteroids suppress local inflammation, both strategies are associated with adverse effects and limited long-term
efficacy.® In contrast, SH exhibited broader pharmacological actions—not only suppressing proinflammatory cytokine
expression but also preserving epithelial structure and restoring mucosal pH. This multifunctional activity underscores its
therapeutic advantage over conventional interventions.

In addition to the MAPK pathway, several other signaling cascades may contribute to the pathogenesis of ARS and the
pharmacological actions of SH. For instance, the NF-xB and TLR4 pathways are important regulators of innate immune
responses and may operate prior to MAPK activation. Although these mechanisms were not experimentally investigated in
the present study, they have been well documented in other models.”® Moreover, SH was found to modulate the expression
of HIF-1o and VEGF, indicating its potential involvement in hypoxia-mediated inflammation and vascular remodeling.
Future studies should explore these additional pathways to gain a more comprehensive understanding of SH’s anti-
inflammatory mechanisms. Unlike conventional antibiotics or corticosteroids, SH exhibits the ability to simultaneously
regulate cytokine expression, preserve epithelial architecture, and modulate intracellular signaling. These multifunctional
properties highlight its therapeutic potential for ARS and other upper airway inflammatory diseases. Several limitations of
this study should be acknowledged. First, all therapeutic effects were demonstrated in animal and cellular models; therefore,
clinical studies are needed to confirm translational relevance. Second, although this work primarily focused on the MAPK
signaling axis, other pathways—such as NF-kB and TLR4—may also contribute to the mechanisms of SH and should be
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explored in future studies. Third, while SH is a defined derivative of Houttuynia cordata, its pharmacokinetic properties and
long-term safety profile remain incompletely characterized and warrant further investigation. Fourth, bacterial ARS in our
model was confirmed based on multiple complementary indicators, including clinical manifestations, hematological
alterations, imaging evidence, and histopathological features. Nevertheless, we did not perform direct bacterial load
quantification (eg, CFU counts), which remains a limitation of the present study. Future research should incorporate
CFU or molecular quantification methods to further strengthen model validation.

Conclusion

Taken together, sodium houttuyfonate significantly attenuates sinonasal mucosal inflammation, improves epithelial
integrity, and inhibits p38 MAPK and ERK1/2 signaling in both in vivo and in vitro ARS models. Collectively, these
findings demonstrate the dual anti-inflammatory and mucosal-protective effects of SH and suggest its potential as
a natural therapeutic agent for managing acute rhinosinusitis.
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