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We previously revealed that Cang-ai volatile oil (CAVO) regulates T-cell activity, enhancing the immune response in people with chronic respiratory diseases. However, the effects of CAVO on allergic rhinitis (AR) have not been investigated. Herein, we established an ovalbumin (OVA)-induced AR rat model to determine these effects. Sprague–Dawley (SD) rats were exposed to OVA for 3 weeks. CAVO or loratadine (positive control) was given orally once daily for 2 weeks to OVA-exposed rats. Behavior modeling nasal allergies was observed. Nasal mucosa, serum, and spleen samples of AR rats were analyzed. CAVO treatment significantly reduced the number of nose rubs and sneezes, and ameliorated several hallmarks of nasal mucosa tissue remodeling: inflammation, eosinophilic infiltration, goblet cell metaplasia, and mast cell hyperplasia. CAVO administration markedly upregulated expressions of interferon-γ, interleukin (IL)-2, and IL-12, and downregulated expressions of serum tumor necrosis factor-α, IL-4, IL-5, IL-6, IL-13, immunoglobulin-E, and histamine. CAVO therapy also increased production of IFN-γ and T-helper type 1 (Th1)-specific T-box transcription factor (T-bet) of the cluster of differentiation-4+ T-cells in splenic lymphocytes, and protein and mRNA expressions of T-bet in nasal mucosa. In contrast, levels of the Th2 cytokine IL-4 and Th2-specific transcription factor GATA binding protein-3 were suppressed by CAVO. These cumulative findings demonstrate that CAVO therapy can alleviate AR by regulating the balance between Th1 and Th2 cells.
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1 INTRODUCTION
The main cause of allergic rhinitis (AR) is the activation of immunoglobulin (Ig) E after allergen exposure. This condition impacts the nasal mucous membrane and is a common, long-lasting, non-infectious inflammatory disorder. Its primary symptoms include persistent sneezing, nasal congestion, itching in the nasal area, and clear, watery nasal discharge. AR is frequently associated with both asthma and conjunctivitis (Bousquet et al., 2020). Epidemiologically, AR affects 40% of the world’s population and its incidence has progressively increased in developed countries over recent decades. Likewise, the prevalence of AR has increased in developing countries (including China) over the past 20–30 years (Cheng et al., 2018). Though AR is not life-threatening, persistent or recurrent episodes can seriously damage quality of life, productivity, and academic performance due to the lack of curative treatment. AR can also cause fatigue, reduced energy, and poor perception in adult patients; in pediatric patients it mainly causes reduced learning ability, memory loss, and anxiety, and can increase autism symptoms. The prevalence of depression, anxiety, and sleep disorders is higher in patients with AR than in the general population, and allergies can even be a risk factor for suicide (Bousquet et al., 2001).
Though the pathophysiology of AR is not entirely clear, it is widely acknowledged that an imbalance between T-helper type 1 (Th1) cells and Th2 cells during differentiation and cytokine release, which results in a Th2>Th1 immunological response, is the primary etiology (Okano et al., 2011; Meng et al., 2019a). Allergen-specific immunotherapy (ASIT) is the sole potentially curative and specific AR treatment method. Disadvantages of the ASIT approach include long treatment cycles, poor treatment adherence, and wide variation in treatment outcomes (Bousquet et al., 2008). Consequently, there is increasing need for new or alternative methods for relieving AR symptoms.
Complementary and alternative medicine (CAM) has become an increasingly attractive part of standard healthcare. After decades of research, natural products have become a core for novel drug development (Rastelli et al., 2020). Several Chinese aromatic botanical drugs are used in allergic disease treatment, with fewer side effects compared with synthetic drugs (Ahmed, 2018) and stable curative effects (Park et al., 2021). Botanical drugs and aromatherapy are common CAM rhinologic treatments (Roehm et al., 2012), showing anti-inflammatory, immune-modulating, and antibacterial effects (Grazul et al., 2023). Volatile oils, which are secondary metabolites of aromatic plants, can be administered by inhalation, orally, or directly on the skin (Thangaleela et al., 2022).
Cang-ai volatile oil (CAVO) is a complicated volatile oil preparation, derived from a clinically effective prescription for the treatment of respiratory disorders and prepared from a variety of Chinese aromatic botanical drugs. The composition of CAVO has been determined by gas chromatography-mass spectrometry (GC-MS) (Chen et al., 2019), its 10 most abundant volatile metabolites are listed in Table 1. A 2015 patent was obtained for this formula under the State Intellectual Property Office of China (authorization number: CN201310388088.4). CAVO has been demonstrated to regulate T-cell activity, which improves immunological response in chronic respiratory disorders (Xie Y et al., 2015). In asthmatic mice, intragastric CAVO treatment significantly improves airway remodeling and inflammation, and suppresses the immune responses dominated by alveolar macrophages (Yu, 2023). Functional near-infrared spectroscopy was used to show that inhaling CAVO alleviates depression mood and cortical excitability (Wei et al., 2023).
TABLE 1 | The top 10 species of volatile compounds in CAVO.
[image: Table 1]The top 10 species of volatile substances in CAVO are also unique phytochemical metabolites found in botanical drugs and spices, which have a wide range of biological activities. Among them, eugenol possesses immunomodulatory properties, making it a common agent in inhalation and aerosol therapies for upper respiratory mucous membrane inflammation and cold prevention (Pytko-Polończyk and Muszyńska, 2016). In nasal secretion cultures induced by lipopolysaccharide (LPS), 1,8-cineole greatly reduced the number of mucus-filled nasal cells and downregulated mucin genes (Nakamura et al., 2020). This suggests that 1,8-cineole may be used as a mucolytic/secretory agent, a Th1/Th2 cytokine immunomodulator, and an adjuvant in the treatment of chronic obstructive pulmonary disease, asthma, and sinusitis (Juergens, 2014). Patchouli alcohol significantly reduces LPS-induced levels in TNF-α, IL-1β, and IL-6 mRNA in RAW264.7 cells (Xian et al., 2011). In immune system modulation experiments in Kunming mice, patchouli alcohol boosts production of antibodies by suppressing immune cell activity, stimulating monocyte-macrophage system functions (Liao et al., 2013). Acetyl eugenol, a eugenol derivative, displays a wide range of biological activities, including antioxidant, antibacterial, and anti-inflammatory (Abdou et al., 2021). Linalool ameliorates airway inflammation and mucus hypersecretion in OVA-exposed allergic asthmatic mice by down-regulating inflammatory mediators and the MAPKs/NF-κB signaling pathway (Kim et al., 2019). Linalyl acetate inhibits thymic stromal lymphopoietin production and mRNA expression by blocking the caspase-1/NF-κB pathway and reducing intracellular calcium levels, thereby treating atopic and inflammatory diseases (Moon et al., 2018). Β-caryophyllene dose-dependently inhibits mast cell degranulation and histamine release through activation of the AdipoR1/AdipoR2 and Nrf2/HO-1 signaling pathways, and effectively alleviates systemic and cutaneous anaphylactic shock model induced by metabolites 48/80 in BALB/c mice (Pathak et al., 2021). Terpinen-4-ol is highly contact toxic to house dust mites and can be used as a natural acaricide (Yang et al., 2013). Cinene has significant anti-inflammatory and antioxidant activity, and can prevent and repair respiratory damage (Santana et al., 2020). Intraperitoneal injection of α-Terpineol to mice 60 min before ovalbumin-induced asthma significantly decreases leukocyte migration and lowers pleural cavity TNF-α levels (Pina et al., 2019).
The beneficial potential of CAVO in AR has not been evaluated. Hence, we hypothesized that CAVO might possess therapeutic advantages in the AR context. Herein, we investigated the impacts of CAVO on an ovalbumin (OVA)-induced AR rat model. The goal was to explore whether amelioration of AR symptoms elicited by CAVO treatment was associated with regulation of the Th1/Th2-associated immune response.
2 MATERIALS AND METHODS
2.1 Study approval
Experimental animals were cared for according to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD, United States) and the study was approved by the Animal Ethics Committee of Yunnan University of Chinese Medicine (R-062022161).
2.2 Animals
Male and female Sprague–Dawley rats (190 ± 10 g; n = 60; 6–7 weeks) were purchased from SPF Biotechnology (Beijing, China), which were randomly divided into six groups. Each group had five males and five females. Each group had five males and five females. The rats were housed in the specific pathogen-free (SPF) unit of the Experimental Animal Center at Yunnan University of Chinese Medicine under controlled conditions: 20°C ± 2°C, 12-h light/dark cycle, and 65% humidity. Ad lib regular nourishment and hydration were accessible. Animal health was regularly monitored as part of routine care. Rats were allowed to acclimatize to the housing environment for at least 7 days prior to the experiment. Up to five rats were housed in each plastic cage with autoclaved corncob bedding material (SPF Biotechnology).
2.3 Welfare-related assessments and interventions
Prior to the experiment, laboratory animal technicians were properly trained, a reasonable animal experiment implementation plan was developed, and it was ensured that the housing environment was clean, comfortable, and safe for experimental animals. The team also ensured that each animal could achieve natural behaviors (i.e., turning around, standing, stretching, lying down, licking, and grooming). During the experiment, cages were cleaned and disinfected regularly, including replacing sterilized bedding. Appropriate gentleness was used to catch animals, to avoid causing anxiety, panic, pain, or injury. Animals were observed as part of daily management; abnormal animal behavior was investigated and ameliorative measures were taken. After the experiment, euthanasia was carried out in accordance with humanitarian principles (e.g., the experiment endpoint considered animal suffering duration, disposal occurred after confirmed death).
2.4 Preparation and identification of the primary CAVO metabolites
CAVO is composed of 10 traditional Chinese medicinal botanical drugs: dried rhizome of Atractylodes lancea (Thunb.) DC. (100 g, deposition voucher: 20221103-01); dried leaves of Artemisia argyi H. Lév. and Vaniot. (100 g, deposition voucher: 20221103-02); dried and ripe fruit peel of Zanthoxylum bungeanum Maxim. (50 g, deposition voucher: 20221103-03); dried aboveground parts of Pogostemon cablin (Blanco) Benth. (50 g, deposition voucher: 20221103-04); dried stamen of Eugenia caryophyllata (Thunb.) (50 g, deposition voucher: 20221103-05); dried aboveground parts of Mosla chinensis Maxim. (50 g, deposition voucher: 20221103-06); dried rhizomes of Kaempferia galanga L. (50 g, deposition voucher: 20221103-07); dried aboveground parts of Eupatorium fortunei Turcz. (50 g, deposition voucher: 20221103-08); dried rhizome of Acori tatarinowii rhizome (50 g, deposition voucher: 20221103-09); and dried and ripe fruits of Amomi fructus rotundus. (50 g, deposition voucher: 20221103-10).
All medicinal materials were purchased from the Yunnan Hehe Traditional Chinese Medicine Pieces Co., Ltd., identified by Professor Jie Zhang of Yunnan University of Chinese Medicine, and stored in the First Clinical Medical College of Yunnan University of Chinese Medicine. Extraction was conducted using hydrodistillation. Medicinal materials were weighed in proportion, ground into powder, mixed, and soaked in 8 times the amount of water for 4 h before extraction for 6 h. The extraction process followed that described in the chapter 2204 Volatile Oil Determination Method A in the 2020 version of the Chinese Pharmacopoeia (Pharmacopoeia Commission China, 2020). The total volatile oil yield was 3.6% (v/w), and the extract was dried over anhydrous sodium sulfate and stored in brown glass at 4°C (Gao et al., 2022). Preparation considered recent best practice guidelines for pharmacological and toxicological research studies of natural chemical characterization of extracts (Heinrich et al., 2022). The high-performance liquid chromatography analysis was used for quality control with the eugenol as the marker compound (Zhang et al., 2020).
2.5 Experimental drugs
CAVO was dissolved with Tween-80 in double-distilled water to prepare a solution, which was kept at 4°C until needed. GC-MS was used to analyze CAVO, as previously described (Chen et al., 2019), with an aim to identify and measure its metabolites. OVA was purchased from Millipore Sigma (catalog number: A5503-5G; Burlington, MA, United States) and used according to the manufacturer’s instructions (i.e., at room temperature, away from light and humidity). The positive control pharmaceutical, loratadine capsules (batch number: 210402), was obtained from Hainan Huluwa Pharmaceutical Group (Hainan, China).
2.6 CAVO acute toxicity test
Based on preliminary results, it was determined that the minimum and maximum lethal doses of CAVO via intragastric administration were 1 mL/kg and 5.8 mL/kg, respectively. A total of 70 SPF Kunming mice (weighing 20 ± 2 g) were randomly allocated to 7 groups, each consisting of 10 mice with an equal distribution of males and females. Prior to the experiment, the mice underwent a 12-h fasting period and were administered varying doses of CAVO intragastrically, with a dose ratio of 1:0.75 and an administration volume of 0.4 mL/10 g. Three hours after administration, the mice were allowed ad libitum access to food and water. Over a 14-day observation period, some animals exhibited symptoms such as irritability, salivation, ataxia, urinary incontinence, reduced activity, curling up, and apnea; some animals succumbed to these effects within 1–3 days. Surviving mice showed an increase in body weight after the 14-day feeding period. Surviving animals were euthanized by cervical dislocation. Post-mortem examination revealed lung congestion and thinning of the stomach and intestinal walls in a few mice, with no abnormalities observed in other major organs. The CAVO median lethal dose (LD50), calculated using the modified Couch method, was 1.647 g/kg (95% confidence limit: 1.361–1.993 g/kg) (Li, 2014).
2.7 AR rat model establishment
The OVA-induced AR rat model was developed based on the literature and previous explorations of successful modeling methods (Ren et al., 2017). The remaining rats (aside from the control group) were used as AR model animals. On experimental days 1, 3, 5, 7, 9, 11, and 13, rats were intraperitoneally (i.p.) injected with physiologic (0.9%) saline (1 mL) and OVA (0.3 mg) for antigen sensitization, with aluminum hydroxide (30 mg) as an adjuvant. Subsequently, rats were challenged through nasal drops applied bilaterally (∼50 μL of 5% OVA solution on each side once daily on days 14–21) (Figure 1A). The control group was injected (i.p.) with 0.9% saline and nasal drops were applied (using the same method described above) with an identical volume of 0.9% saline.
[image: Figure 1]FIGURE 1 | Effect of CAVO on the body weight and nasal symptoms of rats with OVA-induced AR. (A) Flowchart. (B) Effects of CAVO on bodyweight. (C) Nasal rubbing. (D) Sneezing. Oral administration of CAVO (20.59, 41.18, 82.36 mg/kg) and loratadine (1 mg/kg) decreased the frequency of nasal rubbing and sneezing in rats with AR significantly. Data are presented as the mean ± SEM (n = 10 per group). Repeated-measures ANOVA was performed to analyze the metrics in the CAVO and loratadine groups and compare them with the control group. Significant differences at ###p < 0.001 compared with the control group and ***p < 0.001 compared with the model group. Abbreviations: i.p., intraperitoneal; i.n., intranasal, p.o., per ora.
2.8 Grouping and treatment protocol
Fifty AR rats were randomly divided into five equal groups: (1) AR model (10 mL of physiologic saline/kg body weight); (2) AR model plus CAVO low dosage (CAVO at 1/80 of median lethal dosage [LD50] = 20.59 mg/kg); (3) AR model plus CAVO middle dosage (CAVO at 1/40 of LD50 = 41.18 mg/kg); (4) AR model plus CAVO high dosage (CAVO at 1/20 of LD50 = 82.36 mg/kg); and (5) AR model plus loratadine (loratadine at 1 mg/kg). Administration of agents was via the oral route for 2 weeks. After 2 weeks, the rats were killed. Nasal tissues, serum, and spleen were collected for analysis.
2.9 Bodyweight and behavioral tests
All rats were weighed and behaviorally tested before and after model establishment and after drug treatment. The number of sneezes and nose rubs were assessed for 30 min by investigators blinded to the experimental protocol.
2.10 Nasal mucosa histopathology
Nasal mucous membrane samples were collected, immediately preserved in 10% neutral formalin for 2 days at room temperature, treated with EDTA buffer (0.1 M) for 2 weeks to remove calcium deposits, and subsequently enclosed in paraffin. The samples were sliced into 4 um sections to undergo staining (hematoxylin and eosin, PAS, Wright-Giemsa) and count eosinophils, goblet cells, and mast cells.
2.11 Cytokines, IgE, and histamine
Serum levels of IFN-γ, IL-2, IL-12, TNF-α, IL-4, IL-5, IL-6, IL-13, IgE, and histamine were detected by enzyme-linked immunoassay kits (Elabscience, Wuhan, China), and well absorbance was measured at 450 nm using a BioTek Epoch 2 (Agilent Technologies, Santa Clara, CA, United States) microplate reader.
2.12 Subset analyses of spleen Th1/Th2 cells
A rat spleen was placed in a culture dish. Phosphate-buffered saline (PBS) and erythrocyte lysate were added dropwise, followed by grinding with a rod until no large particles were suspended. A single-cell suspension was obtained by passage through a 200-mesh filter. A single-cell suspension (2×107 cells/mL) was screened. The counted cell suspension was added to a 48-well plate containing RPMI-1640 medium. GolgiPlug (550583; BD Pharmingen, San Diego, CA, United States) was added to each reaction well and then left to stand for 4–6 h in a 37°C incubator. We wished to determine the different subpopulations of regulatory T-cells. Single-cell suspensions were collected into flow tubes. Fixable Viability Stain (564406; BD Pharmingen) was added, followed by vortex-mixing, and incubation was undertaken in the dark. The suspension was centrifuged (1,500 rpm for 5 min, at room temperature) to remove the supernatant, and stained with a cluster of differentiation CD3 and CD4 surface antibodies. Finally, samples were examined using a flow cytometer (BD FACSCanto™ II; Beckman Coulter, Fullerton, CA, United States) and results were analyzed using FlowJo (www.flowjo.com/).
The antibodies used for CD3+CD4+ IFN-γ+ IL-4+ were those against fluorescein isothiocyanate (FITC)-anti-rat CD3 (559975; BD Pharmingen), phycoerythrin (PE)-Cy7-anti-rat CD4 (201516; Biolegend, San Diego, CA, United States), Alexa Fluor-anti-rat IFN-γ (507810; Biolegend), and PE anti-rat IL-4 (511906; Biolegend).
The antibodies used for CD3+CD4+ T-bet+ GATA-3+ were those against FITC-anti-rat CD3 (559975; BD Pharmingen), PE-CY7-anti-rat CD4 (201516; Biolegend), PE-T-bet/T-box transcription factor 21 (TBX21; 4B10; sc-21749 PE; Santa Cruz Biotechnology, Santa Cruz, CA, United States), and Alexa Fluor-mouse anti-GATA3 (560068; Biolegend).
2.13 mRNA expression levels of T-bet and GATA-3
Using TRIzol® Reagent, total RNA was isolated from nasal mucosa samples. We used an ultraviolet spectrophotometer to assess RNA purity. Reverse transcription of RNA to complementary DNA was completed with Prime Script RT Reagent Kit containing gDNA Eraser (Takara Biotech, Shiga, Japan). Using the TB Green® Premix Ex TaqTM II kit (Tli RnaseH Plus; Takara Biotechnology), real-time polymerase chain reaction was performed on complementary DNA samples. We employed the endogenous reference enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative mRNA expression of T-bet and GATA-3 was calculated using the 2−ΔΔCT method. The primer sequences we used (sense and antisense, respectively) were: 5′-TTA​TAC​GTC​CAC​CCA​GAC​TCC​C-3′ and 5′-CTC​ACC​GTC​ATT​CAC​CTC​CAC-3′ (138 bp) for T-bet; 5′-GCCAGGCAAGATGAGAAAGAG-3′and 5′-CAT​AGG​GCG​GAT​AGG​TGG​TAA​T-3′ (183 bp) for GATA-3; 5′-CTG​GAG​AAA​CCT​GCC​AAG​TAT​G-3′ and 5′-GGT​GGA​AGA​ATG​GGA​GTT​GCT-3′ (151 bp) for GAPDH.
2.14 Immunohistochemistry of T-bet and GATA-3 protein expression levels
Prepared paraffin sections of nasal mucosal tissue were dewaxed and placed in a citrate antigen repair buffer (pH 9.0) repair cassette for antigen repair in a microwave oven. Sections were incubated with 3% hydrogen peroxide in the dark and then washed in PBS (pH 7.4) to block endogenous peroxidase activity. Sections were covered uniformly with 3% bovine serum albumin to block non-specific staining for 35 min at room temperature. Nasal mucosa sections were respectively incubated overnight at 4°C with diluted T-bet polyclonal antibody (PA5104407; Thermo Fisher Scientific, Waltham, MA, United States) and GATA-3 antibody (ab282110; Abcam, Cambridge, UK). Sections were cleaned three times in PBS before being incubated for 50 min at room temperature in the dark with a secondary goat anti-rabbit or anti-mouse IgG antibody that had been biotin-conjugated. Proteins were visualized as brown pigments using a standard protocol for diaminobenzidine. Afterward, sections were re-stained with hematoxylin, dehydrated sequentially in a graded series of alcohol solutions, and sealed with neutral gum. Morphology images were acquired by a tissue-section digital scanning image-analysis system (Pannoramic MIDI; 3DHISTECH, Budapest, Hungary). An identical brown color was selected by digital pathology image-analysis software (Aipathwell; Servicebio, Beijing, China) as a uniform criterion for judging the positivity of all cells. The percentage of positive cells per section was calculated using the equation:
Percentage of positive cells per section = number of positive cells/total number of cells × 100.
Any three high-magnification fields (×200) of each section within each group were analyzed, and an average value was calculated.
2.15 Outcomes
Primary outcomes were behavioral tests, changes in nasal mucosa histopathology, levels of cytokines, IgE, and histamine, subsets of spleen Th1/Th2 cells, and mRNA and protein expression levels of T-bet and GATA-3. Body weight was a secondary outcome.
2.16 Statistical analyses
GraphPad Prism 9.4.0 (San Diego, CA, United States) was used for graph plotting and quantitative analyses. Data normality was tested using the Kolmogorov–Smirnov test, and all data were normally distributed. Repeated-measurement data were analyzed with repeated-measures analysis of variance (ANOVA). After post hoc analyses with one-way ANOVA, Tukey’s multiple-comparison test was conducted. All data are presented as mean ± standard error of the mean (SEM). A significance level of less than 0.05 is considered significant.
3 RESULTS
3.1 Effect of CAVO on the body weight and nasal symptoms of rats with OVA-induced AR
The body weight of rats per group showed an upward trend (Figure 1B). The increase in average body weight in the model group was slower compared to the control group. The CAVO and loratadine groups experienced a faster increase in body weight compared to the model group. Despite this, there were no notable variances in body mass (p > 0.05).
During the experiment, the number of nose rubs (F = 159.19, p = 7.54 × 10−60) (Figure 1C) and the number of sneezes (F = 326, p = 7.97 × 10−76) (Figure 1D) changed significantly over time. After 3 weeks of modeling, in comparison to the control group, the OVA-induced group exhibited substantially more nose rubs and sneezes (p < 0.05).
In comparison with the model group, the number of sneezes and nose rubs after 2 weeks of medication administration. The number of nose rubs (p = 8.61 × 10−8 of the low-CAVO-dosage, p = 2.03 × 10−6 of the middle-CAVO-dosage, p < 0.001 of the high-CAVO-dosage, and p = 2.85 × 10−10 of the loratadine) and the number of sneezes (p = 3.17 × 10−7 of the low-CAVO-dosage, p = 9.99 × 10−6 of the middle-CAVO-dosage, p = 4.56 × 10−14 of the high-CAVO-dosage, and p = 2.46 × 10−13 of the loratadine) for CAVO groups and the loratadine group were significantly lower. The results stated above indicated that CAVO administration could alleviate OVA-induced nasal allergic symptoms significantly.
3.2 Effect of CAVO on the pathologic changes of nasal mucosa in rats with OVA-induced AR
The nasal lining is the primary controller of airflow in the respiratory system and serves as the initial barrier against airborne infectious pathogens. It is crucial to maintain and repair the integrity of epithelial cells and stimulate the immune system to carry out these tasks (Greiner et al., 2011). To study the effects of CAVO on OVA-induced inflammation, nasal mucus secretion, and degranulation of epithelial cells in the nasal mucosal tissue of AR rats, we undertook staining (H&E) of nasal mucosal tissue and eosinophils in each group, goblet cell (PAS staining), and mast cells (Giemsa staining).
Light microscopy showed that comparatively to control rats, the nasal mucosa of rats in the model group was inverted and interrupted, epithelial cells were detached, mucosa lamina propria capillaries were dilated (or even congested and edematous), many eosinophil infiltrates (p = 1.78 × 10−14) (blue arrows, Figures 2A, B), proliferative expansion of goblet cells (p = 1.15 × 10−11) (green arrows, Figures 2C, D), and many proliferative infiltrates of mast cells (p = 2.82 × 10−14) (yellow arrows, Figures 2E, F). A dosage-dependent reduction of these histopathological changes was observed with both CAVO and loratadine administered orally. CAVO treatment improved epithelial disruption and mesenchymal edema and inhibited eosinophil infiltration (p = 1.02 × 10−7 of the low-CAVO-dosage, p = 2.10 × 10−9 of the middle-CAVO-dosage, p = 3.78 × 10−12 of the high-CAVO-dosage, and p = 8.57 × 10−12 of the loratadine) and the proliferation of goblet cells (p = 5.84 × 10−4 of the low-CAVO-dosage, p = 2.68 × 10−7 of the middle-CAVO-dosage, p = 9.57 × 10−9 of the high-CAVO-dosage, and p = 1.03 × 10−9 of the loratadine) and mast cells (p = 1.32 × 10−8 of the low-CAVO-dosage, p = 5.74 × 10−11 of the middle-CAVO-dosage, p = 1.10 × 10−11 of the high-CAVO-dosage, and p = 2.41 × 10−13 of the loratadine). In the group with high CAVO dosages, improvements were more apparent. Thus, CAVO treatment improved tissue remodeling in the nasal mucosa of rats suffering from AR by reducing infiltration by inflammatory cells.
[image: Figure 2]FIGURE 2 | Effect of CAVO on the histopathological changes in the nasal mucosa of rats with OVA-induced AR. (A) H&E staining showing histopathological changes and eosinophils in nasal tissues. (C) PAS staining showing goblet cells. (E) Giemsa staining showing mast cells. Photographs of representative nasal mucosal in each group (×200 magnification; scale bars = 50 μm; arrows indicate positively stained cells). Bar graphs represent the counts of eosinophils (B), goblet cells (D), and mast cells (F). Data are presented as the mean ± SEM (n = 5 per group). Significant differences at ###p < 0.001 compared with the control group and ***p < 0.001 compared with the model group. Comparison among multiple groups was conducted by one-way ANOVA, followed by Tukey’s post hoc test. Abbreviations: H&E, hematoxylin, and eosin. PAS, periodic acid-Schiff.
3.3 Effect of CAVO on serum levels of Th1-cell and Th2-cell cytokines, IgE, and histamine of rats with OVA-induced AR
OVA administration significantly decreased expression of INF-γ (p = 1.98 × 10−3) (Figure 3A), IL-2 (p = 3.42 × 10−8) (Figure 3B), IL-12 (p = 2.33 × 10−6) (Figure 3C), but significantly increased expression of TNF-α (p = 2.81 × 10−7) (Figure 3D), IL-4 (p = 1.01 × 10−5) (Figure 3E), IL-5, (p = 5.26 × 10−6) (Figure 3F), IL-6 (p = 1.80 × 10−5) (Figure 3G), IL-13, (p = 8.69 × 10−6) (Figure 3H), IgE (p = 2.31 × 10−9) (Figure 3I), and histamine (p = 5.38 × 10−7) (Figure 3J).
[image: Figure 3]FIGURE 3 | Effect of CAVO on serum levels of Th1 and Th2 cytokines, IgE, and histamine of rats with OVA-induced AR. Levels of (A) IFN-γ, (B) IL-2, (C) IL-12, (D) TNF-α, (E) IL-4, (F) IL-5, (G) IL-6, (H) IL-13, (I) IgE, and (J) HIS were evaluated using ELISA. Data are presented as the mean ± SEM (n = 10 per group). Significant differences at ##p < 0.01 and ###p < 0.001 compared with the control group, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the model group. Comparison among multiple groups was conducted by one-way ANOVA, followed by Tukey’s post hoc test.
Two weeks after administration, contrary to the expression of INF-γ, IL-2, and IL-12 in the model group, the expression of INF-γ (p = 2.25 × 10−3 of the low-CAVO-dosage, p = 5.77 × 10−3 of the middle-CAVO-dosage, p = 6.70 × 10−8 of the high-CAVO-dosage, and p = 3.74 × 10−7 of the loratadine), IL-2 (p = 3.52 × 10−10 of the low-CAVO-dosage, p = 2.28 × 10−8 of the middle-CAVO-dosage, p = 2.28 × 10−5 of the high-CAVO-dosage, and p = 5.67 × 10−9 of the loratadine), and IL-12 (p = 6.31 × 10−2 of the low-CAVO-dosage, p = 3.77 × 10−2 of the middle-CAVO-dosage, p = 2.53 × 10−4 of the high-CAVO-dosage, and p = 7.82 × 10−6 of the loratadine) of drug-treated groups was significantly higher. In comparison with expression of TNF-α, IL-4, IL-5, IL-6, IL-13, IgE, and histamine of the model group, expression of TNF-α (p = 3.09 × 10−8 of the low-CAVO-dosage, p = 4.05 × 10−7 of the middle-CAVO-dosage, p = 2.37 × 10−5 of the high-CAVO-dosage, and p = 1.12 × 10−9 of the loratadine), IL-4 (p = 9.07 × 10−4 of the low-CAVO-dosage, p = 5.87 × 10−5 of the middle-CAVO-dosage, p = 2.08 × 10−5 of the high-CAVO-dosage, and p = 6.21 × 10−3 of the loratadine), IL-5 (p = 3.22 × 10−6 of the low-CAVO-dosage, p = 4.31 × 10−5 of the middle-CAVO-dosage, p = 3.09 × 10−7 of the high-CAVO-dosage, and p = 3.11 × 10−8 of the loratadine), IL-6 (p = 9.05 × 10−5 of the low-CAVO-dosage, p = 3.04 × 10−4 of the middle-CAVO-dosage, p = 3.32 × 10−3 of the high-CAVO-dosage, and p = 9.02 × 10−1 of the loratadine), IL-13 (p = 1.76 × 10−5 of the low-CAVO-dosage, p = 3.78 × 10−5 of the middle-CAVO-dosage, p = 2.02 × 10−2 of the high-CAVO-dosage, and p = 1.20 × 10−4 of the loratadine), IgE (p = 9.54 × 10−8 of the low-CAVO-dosage, p = 8.39 × 10−5 of the middle-CAVO-dosage, p = 2.29 × 10−2 of the high-CAVO-dosage, and p = 6.79 × 10−7 of the loratadine), and histamine (p = 2.63 × 10−5 of the low-CAVO-dosage, p = 1.21 × 10−7 of the middle-CAVO-dosage, p = 6.92 × 10−6 of the high-CAVO-dosage, and p = 7.63 × 10−7 of the loratadine) of drug-treated groups was significantly lower.
3.4 Effect of CAVO on the expression of cytokines and specific transcription factors in the CD4+ T-cell subpopulation in rat splenic lymphocytes
CD4+IFN-γ+ and CD4+T-bet+ are markers of Th1 cells. CD4+IL-4+ and CD4+GATA-3+ are markers of Th2 cells. A flow cytometry analysis of rat spleens was conducted to analyze CD4+ T cell levels of cytokines and transcription factors (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of CAVO on expression of IFN-γ, IL-4, T-bet, GATA-3, and Th1 cells/Th2 cells ratios in a CD4+ T-cell subpopulation in rat splenic lymphocytes. Flow cytometry gating strategies: (A) Gating strategy for determining the frequencies of IFN-γ and IL-4 expressing CD4+T cells per spleen. (F) Gating strategy for identifying the frequencies T-bet and GATA-3 producing CD4+T cells per spleen. Total lymphocytes were gated on CD3+CD4+T cells for analysis of expression of IFN-γ, IL-4, T-bet, and GATA3. Representative flow-cytometric analysis of expression of (B) IFN-γ, IL-4, (G) T-bet, and GATA-3 in CD4+ T cells. Percentages of (C) IL-4+ cells, (D) IFN-γ+ cells, (H) T-bet+ cells, and (I) GATA-3+ cells among CD4+ T cells. (E, J) Ratios between IFN-γ+, IL-4+, and T-bet+, GATA-3+ are presented to assess the balance between Th1 cells/Th2 cells. Data are presented as the mean ± SEM (n = 5 per group). Significant differences at #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the control group, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the model group. Comparison among multiple groups was conducted by one-way ANOVA, followed by Tukey’s post hoc test.
As compared with the control group, the model group had reduced expression of IFN-γ+ (p = 4.28 × 10−2) (Figure 4C) and T-bet+ (p = 5.8 × 10−3) (Figure 4H) in the CD4+ T cells of rat splenic lymphocytes and increased expression of IL-4+ (p = 6.83 × 10−3) (Figure 4D) and GATA-3+ (p = 2.77 × 10−2) (Figure 4I).
However, after CAVO treatment, expression of IFN-γ+ (p = 2.02 × 10−2 of the low-CAVO-dosage, p = 1.80 × 10−3 of the middle-CAVO-dosage, and p = 2.30 × 10−3 of the high-CAVO-dosage), and a higher level of T-bet+ (p = 3.84 × 10−1 of the low-CAVO-dosage, p = 2.13 × 10−2 of the middle-CAVO-dosage, p = 4.97 × 10−2 of the high-CAVO-dosage) in CD4+ T cells was observed in the CAVO group, but the level of IL-4+ (p = 7.97 × 10−2 of the low-CAVO-dosage, p = 2.81 × 10−2 of the middle-CAVO-dosage, and p = 2.11 × 10−2 of the high-CAVO-dosage), and GATA-3+ (p = 4.32 × 10−3 of the low-CAVO-dosage, p = 5.65 × 10−3 of the middle-CAVO-dosage, and p = 3.34 × 10−3 of the high-CAVO-dosage) was suppressed. OVA administration resulted in a lower ratio of Th1 cells/Th2 cells: Th1/Th2 (IFN-γ+/IL-4+) (p = 3.54 × 10−2) (Figure 4E), and Th1/Th2 (T-bet+/GATA-3+) (p < 1 × 10−4) (Figure 4J), but this ratio was reversed upon CAVO treatment: Th1/Th2 (IFN-γ+/IL-4+) (p = 1.65 × 10−1 of the low-CAVO-dosage, p = 5.9 × 10−3 of the middle-CAVO-dosage, p = 1.75 × 10−2 of the high-CAVO-dosage), and Th1/Th2 (T-bet+/GATA-3+) (p = 1.3 × 10−3 of the low-CAVO-dosage, p < 1 × 10−4 of the middle-CAVO-dosage, p < 1 × 10−4 of the high-CAVO-dosage). The findings indicated that CAVO has the potential to restore the Th1 cells/Th2 cells imbalance by regulating cytokine secretion and transcription factor expression.
3.5 Effect of CAVO on expression of transcription factors in the nasal mucosal tissues of rats with OVA-induced AR
Inhibiting Th2 differentiation while regulating Th1 development, T-bet is a Th1-specific transcription factor. As opposed to that, GATA-3 directs the differentiation of Th2 cells from naive Th cells (Butcher and Zhu, 2021). T-bet and GATA-3 mRNA and protein levels were measured by RT-qPCR and immunohistochemistry in rat nasal mucosa.
Model group mRNA expression of T-bet (p = 3.92 × 10−2) (Figure 5A) was significantly reduced compared to the control group, but GATA-3 (p = 1.33 × 10−4) (Figure 5B) was markedly upregulated. Microscopic observation of the brownish-yellow areas between the epithelial tissues of the nasal mucosa in the model group appeared to show a weaker positive signal for T-bet than that in the control group (Figure 5C). That is, lower protein expression (p = 2.45 × 10−3) (Figure 5D) but an enhanced positive signal for GATA-3 (Figure 5E), i.e., high protein expression (p = 8.94 × 10−7) (Figure 5F). In nasal mucosal tissues, treatment with CAVO and loratadine reversed this low T-bet expression significantly (mRNA expression: p = 3.91 × 10−1 of the low-CAVO-dosage, p = 2.41 × 10−2 of the middle-CAVO-dosage, p = 2.20 × 10−3 of the high-CAVO-dosage, p = 4.00 × 10−4 of the loratadine (Figure 5A); protein expression: p = 2.92 × 10−2 of the low-CAVO-dosage, p = 1.77 × 10−4 of the middle-CAVO-dosage, p = 1.62 × 10−5 of the high-CAVO-dosage, and p = 2.74 × 10−2 of the loratadine) (Figure 5D). In nasal mucosal tissues, GATA-3 expression (mRNA expression: p = 5.92 × 10−5 of the low-CAVO-dosage, p = 5.29 × 10−5 of the middle-CAVO-dosage, p = 2.99 × 10−5 of the high-CAVO-dosage, and p = 1.23 × 10−4 of the loratadine (Figure 5B); protein expression: p = 5.92 × 10−4 of the low-CAVO-dosage, p = 3.27 × 10−4 of the middle-CAVO-dosage, p = 4.01 × 10−3 of the high-CAVO-dosage, and p = 7.86 × 10−2 of the loratadine) (Figure 5F) was inhibited significantly. CAVO intervention reversed the upregulation of GATA-3 expression while rescuing the reduction of T-bet expression, in the nasal mucosal tissues of rats with AR.
[image: Figure 5]FIGURE 5 | Effect of CAVO on the expression of mRNA and protein of T-bet and GATA-3 in nasal the mucosa of rats with OVA-induced AR. mRNA expression of (A) T-bet and (B) GATA-3. Representative images of protein expression of (C) T-bet and (E) GATA-3 in nasal mucosa according to immunohistochemical staining. (×200 magnification; scale bars = 50 µm). (D) Quantification of relative T-bet expression. (F) Quantification of relative GATA-3 expression. Data are presented as the mean ± SEM (n = 5 per group). Significant differences at #p < 0.05, ##p < 0.01 and ###p < 0.001 compared with the control group, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the model group. Comparison among multiple groups was conducted by one-way ANOVA, followed by Tukey’s post hoc test.
4 DISCUSSION
The cumulative results demonstrate that CAVO can be used to treat AR because it can regulate Th1/Th2 cell imbalances. In a rat AR model, CAVO administration: alleviated OVA-induced nasal allergy symptoms; ameliorated several hallmarks of nasal mucosa tissue remodeling (inflammation, eosinophilic infiltration, goblet cell metaplasia, and mast cell hyperplasia); suppressed upregulation of serum Th2-related cytokines, IgE, and histamine; restored reduced Th1-related cytokines; and increased OVA-induced T-bet expression in nasal mucosal tissue; and decreased GATA-3 activity in the spleen.
Successful animal models are the vehicle and foundation for human disease and drug research (Meng et al., 2019b). The range of available species for AR experimental animals is currently wide, including primarily guinea pigs, mice, rats, and New Zealand rabbits (Al Hamwi et al., 2022). Rodents have commonly been used as a model because they are cost-effective and relatively easy to work with. The guinea pig was the initial animal selected for AR modelling and has since emerged as the preferred animal for researching allergic diseases due to its heightened susceptibility to nasal or tracheal allergic reactions (Tanaka et al., 1988). However, it is important to note that after sensitization, the complement system of guinea pigs can be easily activated to release anaphylatoxins, which may impact modelling success. Mice are commonly used in AR experiments due to their ease of breeding, reproduction, and genetic purity. Nevertheless, mice have a smaller nasal mucosa area compared with rats, posing challenges to material collection and subsequent nasal mucosa research (Pabst, 2003). In contrast, rats combine the features of guinea pigs and mice, demonstrating a propensity to develop specific IgE antibodies against inhaled allergens and readily manifesting AR behaviors. Consequently, AR researchers globally prefer rats. After weighing the pros and cons of various experimental animals, this study ultimately chose SD rats.
OVA is an antigenic protein with carrier activity that offers the benefits of being non-toxic, minimally irritating, highly immunogenic, and capable of inducing persistent antibody production. The OVA-induced AR model accurately replicates both the clinical symptoms of human AR and the associated pathophysiological changes (Kilic et al., 2019). Indicators play an important part in the clinical diagnosis of AR and are central to the success of the preparation of the AR model. Herein, after intraperitoneal injection and administration of OVA nasal drops, the number of nose rubs and sneezes in model rats was altered, showing that OVA challenge-induced AR-like features in rats are consistent with those previously described (Kamimura et al., 2021). We also determined that these rats’ abnormalities were ameliorated by treatments that provide therapeutic benefit in patients with AR. These results suggest that the rat model of OVA-induced AR herein satisfies the criteria for validation of an animal model (i.e., face, construct, and predictive validities) (Ronca et al., 2017).
AR is an allergic airway illness mediated by Th2 cells and a type 2 immune response (Li et al., 2009). The primary trigger for the emergence of allergy illness is the activation of the type 2 (Th2) phenotype by allergen-specific helper T-cells during the first allergen exposure (i.e., the ‘sensitization phase’). T follicular helper T-cells release cytokines like IL-4 and IL-13 into B-cell follicles, which encourages B cells to produce IgE and IgG1, which activate mast cells and basophils (Yang et al., 2020). In response to allergen stimulation, Th2 effector cells release IL-4, IL-13, and IL-5 (Gowthaman et al., 2019), which cause inflammation and tissue remodeling by infiltrating and activating eosinophils (León and Ballesteros-Tato, 2021) and mucus overproduction (Leόn, 2017). These are the key components of the type-I metamorphic response and initiation of the immune response. In contrast, Th1 cells exert antagonistic effects by inhibiting eosinophil recruitment, reducing immunoglobulin synthesis in B cells (Kuperman et al., 2002), and activating phagocytosis, thus enhancing the body’s anti-infective ability. The dynamic balance between Th1 and Th2 cells is important for maintaining immune system health (Li et al., 2011), and its dysregulation can trigger allergic reactions (Pawankar et al., 2011). Cell imbalance is thus a key cause of AR development (Meng et al., 2019a).
Eosinophil infiltration is a main feature, and the best marker, of mucosal inflammation in AR (Wang et al., 2013). Another sign of nasal mucosal histopathology is the expansion and proliferation of goblet cells. In a healthy state, goblet cells are distributed sparsely in the mucosal columnar epithelium. If stimulated by allergens or inflammation, the number of goblet cells increases rapidly, and they synthesize and secrete mucin to form a mucosal barrier to protect the nasal mucosal epithelium (Zhang et al., 2022). The volume of mast cell infiltration in nasal mucosal tissue is also positively correlated with AR symptoms (Xu et al., 2018). Herein, CAVO treatment dose-dependently improved the pathologic features of AR in the OVA-induced AR model, ameliorating the injury caused by epithelial cell detachment, dampening nasal mucosa interstitial congestion and edema, inhibiting eosinophil infiltration, and inhibiting the proliferation of goblet cells and mast cells.
In AR, histamine plays an important part in itching, sneezing, and nasal congestion (Yokota et al., 2015). After allergen excitation in the nose, the histamine level is increased in the nasal lavage of allergic individuals compared with that of non-allergic individuals (Li et al., 2023). CAVO lowered the serum histamine level in rats with OVA-induced AR, alike that seen with the positive control (loratadine). CAVO thus demonstrated potential as an anti-histamine drug derived from natural botanical products. These findings demonstrate, for the first time, the outstanding therapeutic effect of CAVO in rats with OVA-induced AR. Additionally, rats treated with CAVO did not exhibit mortality or any other severe negative consequences. Hence, CAVO is safe for rats at doses capable of exerting anti-allergic effects.
IFN-γ and IL-4 are key factors regulating serum IgE concentration, and an imbalance in their levels is closely associated with AR (Steelant et al., 2019). IFN-γ is a characteristic anti-inflammatory factor secreted by Th1 cells that inhibits the proliferation of Th2 cells while promoting the differentiation of primitive CD4+ T-cells into Th1 cells. IFN-γ promotes the activation and proliferation of macrophages, mediates cellular production of antibodies, and enhances effective immune responses to pathogenic bacteria and exogenous infection factors (Gu et al., 2017). IL-4 is a characteristic pro-inflammatory factor secreted by Th2 cells, and the reduction of IL-4 is effective in suppressing AR symptoms (Steelant et al., 2018). Thus, IL-4 is crucial in causing the nasal epithelium to become more dysfunctional and in promoting the infiltration of immune cells, including lymphocytes, neutrophils, and eosinophils, into the nasal mucosa in situ (Steelant et al., 2019). A recent study confirmed that reducing IL-4 levels contributes to nasal epithelial resistance to environmental allergens and pathogens (Li et al., 2021). Herein, in AR model rats, CAVO treatment restored the substantial reduction in the serum IFN-γ level induced by OVA, increased the proportion of IFN-γ in the CD4+ subpopulation of splenic lymphocytes, and resulted in IL-4 levels being significantly reduced.
IL-2 is secreted by Th1 cells (Steelant et al., 2018) and has anti-inflammatory and proinflammatory roles. By encouraging the production of IL-4R and IL-4, strong and persistent IL-2 signaling strengthens the aggregation of Th2 cells, enabling a positive IL-4 feedback loop to start and maintain the Th2-cell phenotype (Kasumagić-Halilovic et al., 2018). Dendritic cell-derived IL-12 triggers the differentiation of Th1 cells by increasing IFN-γ production and T-bet expression, which is a transcription factor unique to Th1 cells (Zhu et al., 2012). IL-6 is an important immune and inflammatory mediator regulating various cellular functions (Liao et al., 2008). Increased propensity of Th2 cells and allergy symptoms are brought on by loss-of-function mutations in IL-6 signaling, especially the IL-6 receptor (Sobota et al., 2008). A recent study showed that IL-6 inhibited IL-2 signaling during early activation of T-cells and also had a critical and T-bet non-dependent role in suppressing Th2 cell differentiation (Bachus et al., 2023).
TNF-α enhances the expression of inflammatory cells, including eosinophils, in respiratory vascular endothelial cells and infiltration into nasal mucosal tissues, thereby leading to AR (Hinds et al., 2013). Inhibition of TNF-α expression can reduce the risk of allergic reactions (Erkalp et al., 2014). IL-13 responds to allergens and parasites similarly to IL-4 and synergistically stimulates mast cells (León, 2022). IgE production is considered an important step in the induction of the type-I allergic reaction (Gandhi et al., 2017). Cytokine recruitment, namely, IL-4, IL-5, IL-6, and TNF-α, encourages IgE synthesis in the first phases of an allergic reaction (Ayoub et al., 2003). Consequently, inhibition of Th2 cytokine levels could reduce the severity of various rhinitis types (Kappen et al., 2017). Herein, CAVO administration significantly decreased the levels of TNF-α, IL-5, IL-6, IL-13, and IgE, and increased levels of IL-2 and IL-12 in the serum of rats with OVA-induced AR, which in turn corrected the imbalance between Th1 cells and Th2 cells by regulating the levels of cytokines and IgE.
T-bet is a key transcription factor that induces the differentiation of primary CD4+ T-cells into Th1 cells (Kim et al., 2012). Recently, the first instance of full autosomal recessive T-bet deficiency was documented. The growth of IFN-γ producing cells was interfered with by this human T-bet defect (Kiwamoto et al., 2006). A Th2-skewing of T-bet-deficient CD4+ cells may also cause inflammation of the upper respiratory tract, peripheral eosinophilia, and an increase in Th2-cytokines IL-4, IL-5, and IL-13 (Dutta et al., 2013). Interestingly, T-bet proteins are also important regulators of T-cell downregulation in the asthmatic airway (Szabo et al., 2000). Hence, T-bet plays a significant role in the prevention of allergic airway diseases that are initiated by Th2 cells and triggered by Th2 cells.
GATA-3 has a central role in the Th2 immune response (Yang et al., 2021). GATA-3 can not only stimulate the expression of Th2-related cytokines (Naito et al., 2011) and regulate IgE levels (Zhang et al., 1999), it can inhibit Th1-cell differentiation (Yang et al., 2021). One clinical study found that GATA-3 expression is higher in patients suffering from AR (Kim et al., 2018). Control of GATA-3 expression is crucial for initiating Th2 and Th1 responses (Maes et al., 2011), so GATA-3 is recognized as an excellent candidate for the management of allergic diseases (Malmhäll et al., 2007). T-bet inhibits the differentiation program of Th2 cells by downregulating GATA-3 expression directly through epigenetic repression of the GATA-3 locus and inhibiting GATA-3 function through protein interactions (Zhu et al., 2012). T-bet and GATA-3 are thus important indicators for the evaluation of Th1/Th2 imbalance in AR (Eifan et al., 2012).
We demonstrated herein that OVA-induced AR increases in GATA-3 expression are largely reversed by CAVO treatment, and that the previously downregulated expression of T-bet induced by OVA is upregulated by CAVO. Restoration of Th1/Th2 homeostasis was associated with CAVO regulating the expression of the transcription factors T-bet and GATA-3.
AR and its corresponding condition belong to the category of ‘Bi-Qiu’ in traditional Chinese medicine (TCM). According to ancient Chinese physicians, the main pathophysiology of AR was external pathogenic factors such as wind, heat, cold and phlegm dampness, as well as the dysfunction of viscera, including the lungs, spleen, and kidneys. TCM has been used to treat AR for thousands of years, with many traditional botanical formulations in wide clinical practice use (Cheng et al., 2018). The famous classic formula Yu-ping-feng powder (YPFP), which originated from the book Danxi’s Experiential Therapy, has the effect of consolidating resistance to ward off external pathogens; it is commonly used to prevent and treat immunodeficiency and allergic diseases. Clinical studies have reported that YPFP appears to have an ameliorative effect on symptoms such as nasal itching and sneezing (Cheong et al., 2022), and reduces the levels of interleukins like IgE and IL-4 in patients with AR (Fang et al., 2014). Xiao-qing-long Tang (XQLT) (from the book Shang-Han-Lun by Zhongjing Zhang, who is regarded a medical genius by later generations), has the effect of warming the lung to dissipate cold, which can effectively treat respiratory diseases (Wang et al., 2020). A systematic review and meta-analysis of randomized controlled trials demonstrated that oral XQLT can relieve AR symptoms and is effective and safe for clinical use (Yan et al., 2022). XQLT has been suggested to have immunopharmacological properties, which were recently evaluated in a study using OVA as an antigen. XQLT ameliorates type 2 immune response in OVA-induced AR mice by regulating ILC2s through inhibition of IL-33/ST2 and JAK/STAT pathways (Zhang et al., 2023).
Chinese aromatic medicines are pungent and diffuse, with the effects of opening the orifices and promoting qi circulation. They can also enhance lung function and defensive qi and guard against pathogenic factors, similar to the immune functions of the mucous membranes. The results herein show that IgE increased significantly in AR rats after CAVO treatment, which may be related to the fact that CAVO stimulates the body’s immune response, enhancing nasal mucosa-based resistance. Aromatherapy has been found to reduce the total nasal symptom score, especially in nasal obstruction, and improved quality of life among patients with chronic AR (Choi and Park, 2016). CAVO is not only a representative aromatic volatile oil preparation in aromatherapy (Cui et al., 2022), it embodies the core TCM principle of ‘treating disease from the root’. The effect of aromatics to dredge/open the orifices can reduce the disturbance of pathological substances to patients with AR. Eliminating dampness and turbidity can sterilize and disinfect, eliminate allergens, and purify the living environment. The effect of strengthening healthy qi and eliminating pathogens can fundamentally enhance patient immunity.
Nevertheless, this study was inconclusive in identifying the material basis and key targets of the CAVO anti-AR effect, which can be further explored and validated by conducting single-metabolite controlled studies and using relevant target inhibitors or target knockout models. Second, CAVO was orally administered herein, so it will be necessary to determine its efficacy via intranasal administration. Finally, clinical studies will be essential to validate the immunomodulatory effects of CAVO on AR.
5 CONCLUSION
These cumulative results suggest that CAVO treatment significantly attenuates both AR-like symptoms in OVA-induced rats (including number of nose rubs and sneezes) and nasal mucosa tissue remodeling. Further evaluation revealed that CAVO therapy regulated the AR-caused imbalance between Th1 and Th2 cells, simultaneously attenuating the Th2 immune response and boosting the Th1 immune response. These findings support the use of CAVO as a supplementary strategy for the prevention and treatment of AR by illuminating its immunomodulatory potential.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by the Animal Ethics Committee of Yunnan University of Chinese Medicine (R-062022161). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YZ: Writing–review and editing, Writing–original draft, Visualization, Validation, Methodology, Data curation, Conceptualization. BC: Writing–original draft. YF: Writing–review and editing. CW: Writing–original draft, Validation, Conceptualization. HL: Writing–original draft, Validation. LW: Writing–original draft, Validation. XH: Writing–original draft, Data curation. ZW: Writing–original draft, Methodology. GL: Writing–original draft, Funding acquisition. LX: Writing–review and editing, Funding acquisition. DQ: Writing–review and editing, Funding acquisition.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (82374425, 82360953, 82074421, 82374523, 82074421, 8207153176, 82160924), Applied Basic Research Programs of Science and Technology Commission Foundation of Yunnan Province (202301AS070053), Key Laboratory of Traditional Chinese Medicine for Prevention and Treatment of Neuropsychiatric Diseases, Yunnan Provincial Department of Education; Scientific Research Projects for High-level Talents of Yunnan University of Chinese Medicine (2019YZG01); Young Top-Notch Talent in 10,000 Talent Program of Yunnan Province (YNWR-QNBJ-2019-235), the Key R&D Program of Yunnan Province Science and Technology Department (202103AC100005), Yunnan Provincial Science and Technology Department-Applied Basic Research Joint Special Funds of Chinese Medicine (202101AZ070001-044), the Yunnan Key Laboratory of Formulated Granules (202105AG070014), Chinese Society of Traditional Chinese Medicine Youth Reality Seeking Program (2023-QNQS-18).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1332036/full#supplementary-material
REFERENCES
 Abdou, A., Elmakssoudi, A., El Amrani, A., JamalEddine, J., and Dakir, M. (2021). Recent advances in chemical reactivity and biological activities of eugenol derivatives. Med. Chem. Res. 30, 1011–1030. doi:10.1007/s00044-021-02712-x
 Ahmed, H. M. (2018). Ethnomedicinal, phytochemical and pharmacological investigations of perilla frutescens (L.) britt. Molecules 24 (1), 102. doi:10.3390/molecules24010102
 Al Hamwi, G., Riedel, Y. K., Clemens, S., Namasivayam, V., Thimm, D., and Müller, C. E. (2022). MAS-related G protein-coupled receptors X (MRGPRX): orphan GPCRs with potential as targets for future drugs. Pharmacol. Ther. 238, 108259. doi:10.1016/j.pharmthera.2022.108259
 Ayoub, M., Lallouette, P., Sütterlin, B. W., Bessler, W. G., Huber, M., and Mittenbühler, K. (2003). Modulation of the Th1/Th2 bias by an immunoglobulin histamine complex in the ovalbumin allergy mouse model. Int. Immunopharmacol. 3 (4), 523–539. doi:10.1016/S1567-5769(03)00031-6
 Bachus, H., McLaughlin, E., Lewis, C., Papillion, A. M., Benveniste, E. N., Hill, D. D., et al. (2023). IL-6 prevents Th2 cell polarization by promoting SOCS3-dependent suppression of IL-2 signaling. Cell. Mol. Immunol. 20, 651–665. doi:10.1038/s41423-023-01012-1
 Bousquet, J., Anto, J. M., Bachert, C., Baiardini, I., Bosnic-Anticevich, S., Walter Canonica, G., et al. (2020). Allergic rhinitis. Nat. Rev. Dis. Prim. 6 (1), 95. doi:10.1038/s41572-020-00227-0
 Bousquet, J., Khaltaev, N., Cruz, A. A., Denburg, J., Fokkens, W. J., Togias, A., et al. (2008). Allergic rhinitis and its impact on asthma (aria) 2008 update (in collaboration with the world health organization, GA(2)len and AllerGen). Allergy 63 (Suppl. 86), 8–160. doi:10.1111/j.1398-9995.2007.01620.x
 Bousquet, J., Van Cauwenberge, P., and Khaltaev, N. (2001). Allergic rhinitis and its impact on asthma. J. Allergy Clin. Immunol. 108 (5 Suppl. l), S147–S334. doi:10.1067/mai.2001.118891
 Butcher, M. J., and Zhu, J. (2021). Recent advances in understanding the Th1/Th2 effector choice. Fac. Rev. 10, 30. doi:10.12703/r/10-30
 Chen, B., Li, J., Xie, Y., Ming, X., Li, G., Wang, J., et al. (2019). Cang-ai volatile oil improves depressive-like behaviors and regulates DA and 5-HT metabolism in the brains of CUMS-induced rats. J. Ethnopharmacol. 244, 112088. doi:10.1016/j.jep.2019.112088
 Cheng, L., Chen, J., Fu, Q., He, S., Li, H., Liu, Z., et al. (2018). Chinese society of allergy guidelines for diagnosis and treatment of allergic rhinitis. Allergy Asthma Immunol. Res. 10 (4), 300–353. doi:10.4168/aair.2018.10.4.300
 Cheong, P. K., Ho, T. M., Chan, K. L., Lo, C. W., Leung, S. B., Hon, K. L., et al. (2022). The efficacy and safety of Yupingfeng Powder with variation in the treatment of allergic rhinitis: study protocol for a randomized, double-blind, placebo-controlled trial. Front. Pharmacol. 13, 1058176. doi:10.3389/fphar.2022.1058176
 Choi, S. Y., and Park, K. (2016). Corrigendum to "effect of inhalation of aromatherapy oil on patients with perennial allergic rhinitis: a randomized controlled trial". Evidence-Based Complementary Altern. Med. 2016, 2103616. doi:10.1155/2016/2103616
 Cui, J., Li, M., Wei, Y., Li, H., He, X., Yang, Q., et al. (2022). Inhalation aromatherapy via brain-targeted nasal delivery: natural volatiles or essential oils on mood disorders. Front. Pharmacol. 13, 860043. doi:10.3389/fphar.2022.860043
 Dutta, A., Miaw, S. C., Yu, J. S., Chen, T. C., Lin, C. Y., Lin, Y. C., et al. (2013). Altered T-bet dominance in IFN-γ-decoupled CD4+ T cells with attenuated cytokine storm and preserved memory in influenza. J. Immunol. 190 (8), 4205–4214. doi:10.4049/jimmunol.1202434
 Eifan, A. O., Furukido, K., Dumitru, A., Jacobson, M. R., Schmidt-Weber, C., Banfield, G., et al. (2012). Reduced T-bet in addition to enhanced STAT6 and GATA3 expressing T cells contribute to human allergen-induced late responses. Clin. Exp. Allergy 42 (6), 891–900. doi:10.1111/j.1365-2222.2012.04003.x
 Erkalp, K., Inan, B., Abut, Y., Teker, G., Basaranoglu, G., Kalko, Y., et al. (2014). Interleukin-10 levels and clinical outcome: comparison of retroperitoneal versus transperitoneal approaches in infra-renal abdominal aorta reconstruction. Acta Chir. Belg . 114 (5), 313–318. doi:10.1080/00015458.2014.11681034
 Fang, X., Feng, S., Li, Y., Zhang, X., Zhu, Y., and Zhan, G. (2014). Clinical efficacy of Yupingfeng capsule in treating allergic rhinitis and its safety evaluation. Chin. Arch. Tradit. Chin. Med. 3210, 2556–2558. doi:10.13193/j.issn.1673-7717.2014.10.080
 Gandhi, N. A., Pirozzi, G., and Graham, N. M. H. (2017). Commonality of the IL-4/IL-13 pathway in atopic diseases. Expert Rev. Clin. Immunol. 13 (5), 425–437. doi:10.1080/1744666X.2017.1298443
 Gao, J. J., Mei, J. H., Pu, J., Huang, X., HuangFu, Y. R., Xiong, L., et al. (2022). Study on GC-MS fingerprints of Cangai volatile oil from different origins. Chin. J. Hosp. Pharm 42 (03), 269–273. doi:10.13286/j.1001-5213.2022.03.08
 Gowthaman, U., Chen, J. S., Zhang, B., Flynn, W. F., Lu, Y., Song, W., et al. (2019). Identification of a T follicular helper cell subset that drives anaphylactic IgE. Science 365 (6456), eaaw6433. doi:10.1126/science.aaw6433
 Grazul, M., Kwiatkowski, P., Hartman, K., Kilanowicz, A., and Sienkiewicz, M. (2023). How to naturally support the immune system in inflammation-essential oils as immune boosters. Biomedicines 11 (9), 2381. doi:10.3390/biomedicines11092381
 Greiner, A. N., Hellings, P. W., Rotiroti, G., and Scadding, G. K. (2011). Allergic rhinitis. Lancet 378 (9809), 2112–2122. doi:10.1016/S0140-6736(11)60130-X
 Gu, Z. W., Wang, Y. X., and Cao, Z. W. (2017). Neutralization of interleukin-17 suppresses allergic rhinitis symptoms by downregulating Th2 and Th17 responses and upregulating the Treg response. Oncotarget 8 (14), 22361–22369. doi:10.18632/oncotarget.15652
 Heinrich, M., Jalil, B., Abdel-Tawab, M., Echeverria, J., Kulić, Ž., McGaw, L. J., et al. (2022). Best Practice in the chemical characterisation of extracts used in pharmacological and toxicological research-The ConPhyMP-Guidelines. Front. Pharmacol. 13, 953205. doi:10.3389/fphar.2022.953205
 Hinds, D. A., McMahon, G., Kiefer, A. K., Do, C. B., Eriksson, N., Evans, D. M., et al. (2013). A genome-wide association meta-analysis of self-reported allergy identifies shared and allergy-specific susceptibility loci. Nat. Genet. 45 (8), 907–911. doi:10.1038/ng.2686
 Juergens, U. R. (2014). Anti-inflammatory properties of the monoterpene 1.8-cineole: current evidence for co-medication in inflammatory airway diseases. Drug Res. (Stuttg) 64 (12), 638–646. doi:10.1055/s-0034-1372609
 Kamimura, S., Kitamura, Y., Fujii, T., Okamoto, K., Sanada, N., Okajima, N., et al. (2021). Effects of narrow-band UVB on nasal symptom and upregulation of histamine H(1) receptor mRNA in allergic rhinitis model rats. Laryngoscope Investig. Otolaryngol. 6 (1), 34–41. doi:10.1002/lio2.518
 Kappen, J. H., Durham, S. R., Veen, H. I., and Shamji, M. H. (2017). Applications and mechanisms of immunotherapy in allergic rhinitis and asthma. Ther. Adv. Respir. Dis. 11 (1), 73–86. doi:10.1177/1753465816669662
 Kasumagić-Halilovic, E., Cavaljuga, S., Ovcina-Kurtovic, N., and Zecevic, L. (2018). Serum levels of interleukin-2 in patients with alopecia areata: relationship with clinical type and duration of the disease. Skin. Appendage Disord. 4 (4), 286–290. doi:10.1159/000486462
 Kilic, K., Sakat, M. S., Yildirim, S., Kandemir, F. M., Gozeler, M. S., Dortbudak, M. B., et al. (2019). The amendatory effect of hesperidin and thymol in allergic rhinitis: an ovalbumin-induced rat model. Eur. Arch. Otorhinolaryngol. 276 (2), 407–415. doi:10.1007/s00405-018-5222-y
 Kim, H. Y., Jeong, H. J., and Kim, H. M. (2018). Anti-allergic and anti-inflammatory effects of the Bcl-2 inhibitor ABT-737 on experimental allergic rhinitis models. Eur. J. Pharmacol. 833, 34–43. doi:10.1016/j.ejphar.2018.05.044
 Kim, M. G., Kim, S. M., Min, J. H., Kwon, O. K., Park, M. H., Park, J. W., et al. (2019). Anti-inflammatory effects of linalool on ovalbumin-induced pulmonary inflammation. Int. Immunopharmacol. 74, 105706. doi:10.1016/j.intimp.2019.105706
 Kim, T. H., Kim, K., Park, S. J., Lee, S. H., Hwang, J. W., Park, S. H., et al. (2012). Expression of SOCS1 and SOCS3 is altered in the nasal mucosa of patients with mild and moderate/severe persistent allergic rhinitis. Int. Arch. Allergy Immunol. 158 (4), 387–396. doi:10.1159/000333103
 Kiwamoto, T., Ishii, Y., Morishima, Y., Yoh, K., Maeda, A., Ishizaki, K., et al. (2006). Transcription factors T-bet and GATA-3 regulate development of airway remodeling. Am. J. Respir. Crit. Care Med. 174 (2), 142–151. doi:10.1164/rccm.200601-079OC
 Kuperman, D. A., Huang, X., Koth, L. L., Chang, G. H., Dolganov, G. M., Zhu, Z., et al. (2002). Direct effects of interleukin-13 on epithelial cells cause airway hyperreactivity and mucus overproduction in asthma. Nat. Med. 8 (8), 885–889. doi:10.1038/nm734
 León, B. (2022). Understanding the development of Th2 cell-driven allergic airway disease in early life. Front. Allergy 3, 1080153. doi:10.3389/falgy.2022.1080153
 León, B., and Ballesteros-Tato, A. (2021). Modulating Th2 cell immunity for the treatment of asthma. Front. Immunol. 12, 637948. doi:10.3389/fimmu.2021.637948
 Leόn, B. (2017). T cells in allergic asthma: key players beyond the Th2 pathway. Curr. Allergy Asthma Rep. 17 (7), 43. doi:10.1007/s11882-017-0714-1
 Li, C. Y., Lin, H. C., Lai, C. H., Lu, J. J., Wu, S. F., and Fang, S. H. (2011). Immunomodulatory effects of lactobacillus and Bifidobacterium on both murine and human mitogen-activated T cells. Int. Arch. Allergy Immunol. 156 (2), 128–136. doi:10.1159/000322350
 Li, G. (2014). Study on the mechanism of immunomodulatory effects of Cang-Ai Volatile Oil on lung qi deficiency model rats (China: Yunnan University of Chinese Medicine). Master thesis.
 Li, H., Zhang, H., and Zhao, H. (2023). Apigenin attenuates inflammatory response in allergic rhinitis mice by inhibiting the TLR4/MyD88/NF-κB signaling pathway. Environ. Toxicol. 38 (2), 253–265. doi:10.1002/tox.23699
 Li, P., Tsang, M. S., Kan, L. L., Hou, T., Hon, S. S., Chan, B. C., et al. (2021). The immuno-modulatory activities of pentaherbs formula on ovalbumin-induced allergic rhinitis mice via the activation of Th1 and treg cells and inhibition of Th2 and Th17 cells. Molecules 27 (1), 239. doi:10.3390/molecules27010239
 Li, S. P., Zhao, X. J., and Wang, J. Y. (2009). Synergy of Astragalus polysaccharides and probiotics (Lactobacillus and Bacillus cereus) on immunity and intestinal microbiota in chicks. Poult. Sci. 88 (3), 519–525. doi:10.3382/ps.2008-00365
 Liao, J. B., Wu, D. W., Peng, S. Z., Xie, J. H., Li, Y. C., and Su, J. Y. (2013). Immunomodulatory potential of patchouli alcohol isolated from Pogostemon cablin (blanco) Benth (lamiaceae) in mice. Trop. J. Pharm. Res 12, 559–565. doi:10.4314/tjpr.v12i4.18
 Liao, W., Schones, D. E., Oh, J., Cui, Y., Cui, K., Roh, T. Y., et al. (2008). Priming for T helper type 2 differentiation by interleukin 2-mediated induction of interleukin 4 receptor alpha-chain expression. Nat. Immunol. 9 (11), 1288–1296. doi:10.1038/ni.1656
 Maes, T., Tournoy, K. G., and Joos, G. F. (2011). Gene therapy for allergic airway diseases. Curr. Allergy Asthma Rep. 11 (2), 163–172. doi:10.1007/s11882-011-0177-8
 Malmhäll, C., Bossios, A., Pullerits, T., and Lötvall, J. (2007). Effects of pollen and nasal glucocorticoid on FOXP3+, GATA-3+ and T-bet+ cells in allergic rhinitis. Allergy 62 (9), 1007–1013. doi:10.1111/j.1398-9995.2007.01420.x
 Meng, M., Tan, J., Chen, W., Du, Q., Xie, B., Wang, N., et al. (2019a). The fibrosis and immunological features of hypochlorous acid induced mouse model of systemic sclerosis. Front. Immunol. 10, 1861. doi:10.3389/fimmu.2019.01861
 Meng, Q., Li, P., Li, Y., Chen, J., Wang, L., He, L., et al. (2019b). Broncho-vaxom alleviates persistent allergic rhinitis in patients by improving Th1/Th2 cytokine balance of nasal mucosa. Rhinology 57 (6), 451–459. doi:10.4193/Rhin19.161
 Moon, P. D., Han, N. R., Lee, J. S., Kim, H. M., and Jeong, H. J. (2018). Effects of linalyl acetate on thymic stromal lymphopoietin production in mast cells. Molecules 23 (7), 1711. doi:10.3390/molecules23071711
 Naito, T., Tanaka, H., Naoe, Y., and Taniuchi, I. (2011). Transcriptional control of T-cell development. Int. Immunol. 23 (11), 661–668. doi:10.1093/intimm/dxr078
 Nakamura, T., Yoshida, N., Yamanoi, Y., Honryo, A., Tomita, H., Kuwabara, H., et al. (2020). Eucalyptus oil reduces allergic reactions and suppresses mast cell degranulation by downregulating IgE-FcεRI signalling. Sci. Rep. 10 (1), 20940. doi:10.1038/s41598-020-77039-5
 Okano, M., Fujiwara, T., Higaki, T., Makihara, S., Haruna, T., Noda, Y., et al. (2011). Characterization of pollen antigen-induced IL-31 production by PBMCs in patients with allergic rhinitis. J. Allergy Clin. Immunol. 127 (1), 277–279. 279.e271-211. doi:10.1016/j.jaci.2010.09.029
 Pabst, R. (2003). Animal models for asthma: controversial aspects and unsolved problems. Pathobiology 70 (5), 252–254. doi:10.1159/000070737
 Park, S. J., Lee, K., Kang, M. A., Kim, T. H., Jang, H. J., Ryu, H. W., et al. (2021). Tilianin attenuates HDM-induced allergic asthma by suppressing Th2-immune responses via downregulation of IRF4 in dendritic cells. Phytomedicine 80, 153392. doi:10.1016/j.phymed.2020.153392
 Pathak, M. P., Patowary, P., Das, A., Goyary, D., Karmakar, S., Bhutia, Y. D., et al. (2021). Crosstalk between AdipoR1/AdipoR2 and Nrf2/HO-1 signal pathways activated by β-caryophyllene suppressed the compound 48/80 induced pseudo-allergic reactions. Clin. Exp. Pharmacol. Physiol. 48 (11), 1523–1536. doi:10.1111/1440-1681.13555
 Pawankar, R., Mori, S., Ozu, C., and Kimura, S. (2011). Overview on the pathomechanisms of allergic rhinitis. Asia Pac Allergy 1 (3), 157–167. doi:10.5415/apallergy.2011.1.3.157
 Pharmacopoeia Commission China (2020) Pharmacopoeia of the people’s Republic of China, I. Beijing: China Medical Science Press. 
 Pina, L. T. S., Ferro, J. N. S., Rabelo, T. K., Oliveira, M. A., Scotti, L., Scotti, M. T., et al. (2019). Alcoholic monoterpenes found in essential oil of aromatic spices reduce allergic inflammation by the modulation of inflammatory cytokines. Nat. Prod. Res. 33 (12), 1773–1777. doi:10.1080/14786419.2018.1434634
 Pytko-Polończyk, J., and Muszyńska, B. (2016). Surowce naturalne w stomatologii. Med. Int. Rev. 27 (2), 68–75. 
 Rastelli, G., Pellati, F., Pinzi, L., and Gamberini, M. C. (2020). Repositioning natural products in drug discovery. Molecules 25 (5), 1154. doi:10.3390/molecules25051154
 Ren, M., Tang, Q., Chen, F., Xing, X., Huang, Y., and Tan, X. (2017). Mahuang fuzi xixin decoction attenuates Th1 and Th2 responses in the treatment of ovalbumin-induced allergic inflammation in a rat model of allergic rhinitis. J. Immunol. Res. 2017, 8254324. doi:10.1155/2017/8254324
 Roehm, C. E., Tessema, B., and Brown, S. M. (2012). The role of alternative medicine in rhinology. Facial Plast. Surg. Clin. North Am. 20 (1), 73–81. doi:10.1016/j.fsc.2011.10.008
 Ronca, S. E., Smith, J., Koma, T., Miller, M. M., Yun, N., Dineley, K. T., et al. (2017). Mouse model of neurological complications resulting from encephalitic alphavirus infection. Front. Microbiol. 8, 188. doi:10.3389/fmicb.2017.00188
 Santana, H. S. R., de Carvalho, F. O., Silva, E. R., Santos, N. G. L., Shanmugam, S., Santos, D. N., et al. (2020). Anti-inflammatory activity of limonene in the prevention and control of injuries in the respiratory system: a systematic review. Curr. Pharm. Des. 26 (18), 2182–2191. doi:10.2174/1381612826666200320130443
 Sobota, R. M., Müller, P. J., Khouri, C., Ullrich, A., Poli, V., Noguchi, T., et al. (2008). SHPS-1/SIRP1alpha contributes to interleukin-6 signalling. Cell. Signal 20 (7), 1385–1391. doi:10.1016/j.cellsig.2008.03.005
 Steelant, B., Seys, S. F., Van Gerven, L., Van Woensel, M., Farré, R., Wawrzyniak, P., et al. (2018). Histamine and T helper cytokine-driven epithelial barrier dysfunction in allergic rhinitis. J. Allergy Clin. Immunol. 141 (3), 951–963. doi:10.1016/j.jaci.2017.08.039
 Steelant, B., Wawrzyniak, P., Martens, K., Jonckheere, A. C., Pugin, B., Schrijvers, R., et al. (2019). Blocking histone deacetylase activity as a novel target for epithelial barrier defects in patients with allergic rhinitis. J. Allergy Clin. Immunol. 144 (5), 1242–1253. doi:10.1016/j.jaci.2019.04.027
 Szabo, S. J., Kim, S. T., Costa, G. L., Zhang, X., Fathman, C. G., and Glimcher, L. H. (2000). A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell. 100 (6), 655–669. doi:10.1016/s0092-8674(00)80702-3
 Tanaka, K.-i., Okamoto, Y., Nagaya, Y., Nishimura, F., Takeoka, A., Hanada, S., et al. (1988). A nasal allergy model developed in the Guinea pig by intranasal application of 2, 4-toluene diisocyanate. Int. Archives Allergy Immunol. 85 (4), 392–397. doi:10.1159/000234540
 Thangaleela, S., Sivamaruthi, B. S., Kesika, P., Bharathi, M., Kunaviktikul, W., Klunklin, A., et al. (2022). Essential oils, phytoncides, aromachology, and aromatherapy—a review. Appl. Sci. 12 (9), 4495. doi:10.3390/app12094495
 Wang, L., Feng, X., Wang, B., Yang, Y., Zhang, T., and Zhang, X., 2020. Adjuvant treatment with xiaoqinglong formula for bronchial asthma in acute attack: a systematic review of randomized controlled trials. Evid. Based Complement. Altern. Med. 2020, 8468219, doi:10.1155/2020/8468219
 Wang, M., Zhang, W., Shang, J., Yang, J., Zhang, L., and Bachert, C. (2013). Immunomodulatory effects of IL-23 and IL-17 in a mouse model of allergic rhinitis. Clin. Exp. Allergy 43 (8), 956–966. doi:10.1111/cea.12123
 Wei, Y., Cui, J., Fu, C., Xu, B., Shi, M., Dai, Y., et al. (2023). Effects of Cang-Ai volatile oil on depressed mood and cortical excitability in human. Pharmacol. Research-Modern Chin. Med. 6, 100215. doi:10.1016/j.prmcm.2023.100215
 Xian, Y. F., Li, Y. C., Ip, S. P., Lin, Z. X., Lai, X. P., and Su, Z. R. (2011). Anti-inflammatory effect of patchouli alcohol isolated from Pogostemonis Herba in LPS-stimulated RAW264.7 macrophages. Exp. Ther. Med. 2 (3), 545–550. doi:10.3892/etm.2011.233
 Xie, Y., Mo, C., Li, G., Lei, N., and Chen, B. (2015). The effects of Cangai volatile oil on pathological change of lung tissue and T lymphocyte subtype in lung qi deficiency rats model. Lishizhen Med Materia Med. Res. 26 (8), 1845–1847. 
 Xu, F., Yu, S., Qin, M., Mao, Y., Jin, L., Che, N., et al. (2018). Hydrogen-rich saline ameliorates allergic rhinitis by reversing the imbalance of Th1/Th2 and up-regulation of CD4+CD25+Foxp3+Regulatory T cells, interleukin-10, and membrane-bound transforming growth factor-β in Guinea pigs. Inflammation 41 (1), 81–92. doi:10.1007/s10753-017-0666-6
 Yan, Y., Zhang, J., Liu, H., Lin, Z., Luo, Q., Li, Y., et al. (2022). Efficacy and safety of the Chinese herbal medicine Xiao-qing-long-tang for allergic rhinitis: a systematic review and meta-analysis of randomized controlled trials. J. Ethnopharmacol. 297, 115169. doi:10.1016/j.jep.2022.115169
 Yang, J.-Y., Cho, K.-S., Chung, N.-H., Kim, C.-H., Suh, J.-W., and Lee, H.-S. (2013). Constituents of volatile compounds derived from Melaleuca alternifolia leaf oil and acaricidal toxicities against house dust mites. J. Korean Soc. Appl. Biol. Chem. 56, 91–94. doi:10.1007/s13765-012-2195-1
 Yang, R., Weisshaar, M., Mele, F., Benhsaien, I., Dorgham, K., Han, J., et al. (2021). High Th2 cytokine levels and upper airway inflammation in human inherited T-bet deficiency. J. Exp. Med. 218 (8), e20202726. doi:10.1084/jem.20202726
 Yang, Z., Wu, C. M., Targ, S., and Allen, C. D. C. (2020). IL-21 is a broad negative regulator of IgE class switch recombination in mouse and human B cells. J. Exp. Med. 217 (5), e20190472. doi:10.1084/jem.20190472
 Yokota, M., Suzuki, M., Nakamura, Y., Ozaki, S., and Murakami, S. (2015). Cytokine modulation by IL-35 in mice with allergic rhinitis. Am. J. Rhinol. Allergy 29 (4), 251–256. doi:10.2500/ajra.2015.29.4188
 Yu, X. Z. (2023). Effect of cang-ai volatile oil on ml/M2 phenotype polarization ofAlveolar macrophages in TRPC1-mediated asthmatic airway remodeling mice (China: Yunnan University of Chinese Medicine). Master thesis.
 Zhang, D. H., Yang, L., Cohn, L., Parkyn, L., Homer, R., Ray, P., et al. (1999). Inhibition of allergic inflammation in a murine model of asthma by expression of a dominant-negative mutant of GATA-3. Immunity 11 (4), 473–482. doi:10.1016/s1074-7613(00)80122-3
 Zhang, J. J., He, X. C., Zhou, M., Liu, Q. D., Xu, W. Z., Yan, Y. J., et al. (2023). Xiao-qing-long-tang ameliorates OVA-induced allergic rhinitis by inhibiting ILC2s through the IL-33/ST2 and JAK/STAT pathways. Phytomedicine 119, 155012. doi:10.1016/j.phymed.2023.155012
 Zhang, K., Xiong, L., Cheng, X., Li, T. H., Sun, X. Q., and Ma, Y. S., 2020, Study on preparation Technology and release in vitro of cangai oil transfersomes [J]. J. Nanjing Univ. Chin. Med. , 36(04): 525–530. doi:10.14148/j.issn.1672-0482.2020.0525
 Zhang, Y., Lan, F., and Zhang, L. (2022). Update on pathomechanisms and treatments in allergic rhinitis. Allergy 77 (11), 3309–3319. doi:10.1111/all.15454
 Zhu, J., Jankovic, D., Oler, A. J., Wei, G., Sharma, S., Hu, G., et al. (2012). The transcription factor T-bet is induced by multiple pathways and prevents an endogenous Th2 cell program during Th1 cell responses. Immunity 37 (4), 660–673. doi:10.1016/j.immuni.2012.09.007
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zhou, Chen, Fu, Wan, Li, Wang, Huang, Wu, Li, Xiong and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1332036-g004.gif
LIESE SIESS POESE





OPS/images/fphar-15-1332036-g005.gif
>
©

3 3
£ £z
i i
g I
£ i
EA .
PO SIS,
¢ - cnot 0
Thet e ey prevgns |
i
f .

GATAS e ey

i 2






OPS/images/fphar-15-1332036-g002.gif





OPS/images/fphar-15-1332036-g003.gif
PRy (paimd

J’fﬁ’fﬁ?

Feo

SISEE

EEE ST F R






OPS/images/fphar-15-1332036-t001.jpg
no. Identification Metabolites Molecular formula Structure
1 Phenols Eugenol CioH1202 \0 4221

Ho.

~
2 Terpenoids 1,8-Cineole CiHis0 1191
o

3 Terpenoids Patchouli alcohol Ci5Hy0 o 903
4 Phenols Acetyl eugenol | 817

0.

o D/\/
)kn
5 Terpenoids Linalool CioHis0 HO, 366
6 Terpenoids Linalyl acetate C12HaO, 274
rper y 12H200; o X\
)1\0 F
7 Terpenoids p-Caryophyllene CisHay 195
8 Terpenoids Terpinen-4-ol CiHis0 195
OH

9 Terpenoids Cinene CioHis \@\H/ 1.66
10 Terpenoids a-Terpineol

CioHys0 108
OH






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cang-ai volatile oil alleviates nasal inflammation via Th1/Th2 cell imbalance regulation in a rat model of ovalbumin-induced allergic rhinitis		1 Introduction

		2 Materials and methods		2.1 Study approval

		2.2 Animals

		2.3 Welfare-related assessments and interventions

		2.4 Preparation and identification of the primary CAVO metabolites

		2.5 Experimental drugs

		2.6 CAVO acute toxicity test

		2.7 AR rat model establishment

		2.8 Grouping and treatment protocol

		2.9 Bodyweight and behavioral tests

		2.10 Nasal mucosa histopathology

		2.11 Cytokines, IgE, and histamine

		2.12 Subset analyses of spleen Th1/Th2 cells

		2.13 mRNA expression levels of T-bet and GATA-3

		2.14 Immunohistochemistry of T-bet and GATA-3 protein expression levels

		2.15 Outcomes

		2.16 Statistical analyses





		3 Results		3.1 Effect of CAVO on the body weight and nasal symptoms of rats with OVA-induced AR

		3.2 Effect of CAVO on the pathologic changes of nasal mucosa in rats with OVA-induced AR

		3.3 Effect of CAVO on serum levels of Th1-cell and Th2-cell cytokines, IgE, and histamine of rats with OVA-induced AR

		3.4 Effect of CAVO on the expression of cytokines and specific transcription factors in the CD4+ T-cell subpopulation in rat splenic lymphocytes

		3.5 Effect of CAVO on expression of transcription factors in the nasal mucosal tissues of rats with OVA-induced AR





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Cang-ai volatile oil alleviates
nasal inflammation via Thl/Th2
cell imbalance regulation in a rat
model of ovalbumin-induced
allergic rhinitis





OPS/images/fphar-15-1332036-.gif





OPS/images/fphar-15-1332036-g001.gif
o
qu i
o3ma

R+ om0
oy

PR

N Rt i










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





