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Abstract: Oral ulcers, a common mucosal affliction, severely diminish patients’ quality of life due to pain and discomfort. Despite existing treatments, the frequent recurrence of oral ulcers underscores the need for more effective therapeutic options. This study aimed to investigate the inhibitory effects of Ponkan (Citrus reticulata ‘Ponkan’) extracts and their flavonoid components on oral ulcers, exploring their potential as a natural therapy. Twenty different Ponkan cultivars were selected for flavonoid extraction and analysis. Ultra-performance liquid chromatography (UPLC) and high-resolution mass spectrometry (HRMS) were utilized for substance identification, leading to the discovery of 16 flavonoid compounds. Using an oral ulcer model established in Wistar rats, Ponkan extracts were found to effectively reduce ulcer area and pain sensitivity. The study revealed that four polymethoxyflavones (PMFs) were particularly effective in treating oral ulcers, while hesperidin did not show significant improvement. Mechanistic studies indicated that PMFs could inhibit the phosphorylation of Jak2 and Stat3, whereas hesperidin lacked this effect. This research supports the potential use of Ponkan and its flavonoids as a natural and effective alternative therapy for oral ulcers, with a focus on the role of PMFs in modulating the Jak2-Stat3 pathway, highlighting the possibilities for targeted natural treatments.
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Nomenclature



	UPLC
	Ultra-performance liquid chromatography



	HRMS
	High resolution mass spectrometry



	PMFs
	Polymethoxyflavones



	TNFα
	Tumor necrosis factor alpha



	IL-1β
	Interleukin 1 beta



	IL-6
	Interleukin 6



	Jak2
	Janus kinase 2



	p-Jak2
	Phosphorylated janus kinase 2



	Stat3
	Signal transducer and activator of transcription 3



	p-Stat3
	Phosphorylated signal transducer and activator of transcription 3



	RAS
	Recurrent aphthous stomatitis





1  Introduction

Oral ulcer, a common mucosal disease, brings significant pain and discomfort to patients, thus seriously affecting their quality of life [1]. Despite the availability of various treatment methods for oral ulcers, many patients still experience frequent recurrence. This highlights the importance of seeking safer and more effective treatment options [1–3]. In recent years, natural products have garnered growing interest from researchers due to their unique biological activities and minimal side effects [4].

Ponkan (Citrus reticulata ‘Ponkan’), a citrus species extensively cultivated in southern China, is rich in nutrients in both its peel and pulp, which contribute to its recognized unique medicinal value. Previous studies have indicated that the flavonoid compounds in Ponkan exhibit various biological activities such as antioxidant [5], anti-inflammatory [6], and anti-tumor effects [7], suggesting the potential role of Ponkan in the treatment of oral ulcers. However, to date, there have been no reports on the inhibitory effects and specific mechanisms of Ponkan and its extracts on oral ulcers, which serves as the starting point for this study.

In this study, we aimed to investigate the inhibitory effects of Ponkan extracts on oral ulcers through extraction and flavonoid component analysis of different cultivars of Ponkan. Advanced UPLC-HRMS technology was employed for qualitative and quantitative analysis of flavonoids in Ponkan peel, elucidating the differences in the types and contents of flavonoids among different cultivars of Ponkan. We also established a rat model of oral ulcers, we evaluated the alleviating effects of Ponkan extracts and its main flavonoid monomers on oral ulcers and explored their potential mechanisms of action. We expect this study to clarify how Ponkan extracts and flavonoids inhibit oral ulcers and to elucidate the underlying mechanisms. Furthermore, it will provide scientific evidence supporting the use of Ponkan in oral ulcer treatment and offer new directions for researching natural products in oral disease therapy.

2  Materials and Methods

2.1 Materials and Chemicals

Fruits of 20 different cultivars of Ponkan were collected in December 2023 from the Fruit Tree Research Institute of Quzhou Academy of Agriculture and Forestry Science. They were promptly transported to the Laboratory of Fruit Science Institute at Zhejiang University, within 24 h. Fruits without mechanical damage or diseases and pests were selected for washing, freeze-dried, ground, and stored for further use. Male Wistar rats were purchased from the Experimental Platform of the Laboratory Animal Center at Zhejiang University.

Vicenin 2, narirutin, hesperidin, neohesperidin, didymin, isosinensetin, sinensetin, nobiletin, tangeretin, 5-demethylnobiletin, tween 20, and capsaicin were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China) Sep-pak® C18 columns were obtained from Waters Corporation. Chromatographic grade methanol and acetonitrile were sourced from Sigma-Aldrich (Shanghai,China) for use in our experiments. PrimeScript™ RT reagent Kit with gDNA Eraser was acquired from Takara (Beijing, China). SsoFast™ EvaGreen® Supermix kit was bought from BIO-RAD. ELISA kits including TNFα, IL-1β, IL-6, Jak2, p-Jak2, Stat3, p-Stat3 were purchased from Abcam (Shanghai, China). Glutathione (GSH) concentration and antioxidant enzyme (SOD and GSH-Px) activities kits were purchased from Nanjing Jiancheng Bio Co. (Jiangsu, China). Other solvents and reagents were of analytical grade, sourced from China National Pharmaceutical Group Corporation (Beijing, China). The water used in the experiments was double distilled water prepared in the laboratory.

2.2 Extraction of Pokan Fruit Flavedos

The method of Ponkan extraction was referred to our previous study [8].

2.3 Identification and Quantification of Pokan Fruit Flavedos

Qualitative and quantitative detection of Ponkan extracts were performed using UPLC-HRMS refer to the methods of Yan et al. [9], with slight modifications. The gradient elution program was: 0~5 min, 20% B; 5~8 min, 20%~36% B; 8~20 min, 36%~50% B; 20~22 min, 50%~80% B; 22~23 min, 80%~100% B; 23~25 min, 100%~20% B; 25~30 min, 20% B.

Standards of vicenin 2, narirutin, hesperidin, neohesperidin, didymin, isosinensetin, sinensetin, nobiletin, tangeretin, and 5-demethylnobiletin were used for comparison, and the chromatographic peak area standard curve method was employed for content determination. The content of the stellarin 2 quantified relative to the peak area of hesperidin, while the other 5 PMFs was were quantified relative to the peak area of nobiletin.

2.4 Establishment of Oral Ulcer Model

The method for oral ulcer induction was adapted from the study by Hitomi et al. [10]. Male Wistar rats, each weighing approximately 250 g, were utilized for the study, having been bred at Zhejiang University’s experimental animal facility (Animal experiments are subject to ethical approval, experimental code ZJU20240156). Breeding conditions were meticulously controlled, with temperatures maintained at 21°C~23°C, humidity at 55%~65%, and a consistent light-dark cycle of 12 h. The rats were divided into 22 groups, including control group, model group and treatment groups, with 5 rats in each group. Rats had free access to food and water. Following pentobarbital anesthesia administration (50 mg/kg, intraperitoneally), eight-week-old rats underwent a 30-second application of filter paper (3 mm × 3 mm) soaked in 50% acetic acid to the labial fornix area beneath the lower incisors. Obvious ulceration in the treated oral mucosal region was observed within two days following the acetic acid application. In the control group, rats received a sham treatment consisting solely of pentobarbital anesthesia, with no application of acetic acid. For intragastric administration, citrus extract dissolved in physiological saline with 1% Tween 20 was employed. Administration was carried out daily via gavage at a dose of 100 mg/kg BW. The control group received normal saline with 1% Tween 20 via gavage. Gastric administration commenced on the second day post-modeling. The ulcer’s diameter was measured with a vernier caliper on the first, third, and fifth days of gastric administration, with its area being calculated to quantify the change in ulcer size.

2.5 Evaluation of Pain Sensitivity in Rats

The method for pain sensitivity was adapted from the study by Hitomi et al. [10]. On the first day after treatment, the oral administration method was employed to record the duration of rubbing behavior in rats as a measure of pain intensity. A water-soluble capsaicin solution was diluted to 3%, and 0.05 mL of the solution was administered onto the ulcerated area of the rats using a syringe. Five minutes after the first dose, the total time of mouth rubbing behavior of rats in each group within 3 min was recorded.

2.6 Real Time-PCR (RT-PCR)

The method of RT-PCR to our previous study [8]. The primer sequences were listed in Table 1. Each experiment was set up with three technical replicates and repeated at least three times, using β-Actin as an internal reference. The relative gene expression levels were calculated using the 2−ΔΔCt method.
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2.7 ELISA

The expression levels of inflammatory cytokines, including Tumor Necrosis Factor alpha (TNFα), Interleukin 1 beta (IL-1β), and Interleukin 6 (IL-6), as well as the proteins Janus kinase 2 (Jak2), phosphorylated Janus kinase 2 (p-Jak2), Signal transducer and activator of transcription 3 (Stat3), and phosphorylated Signal transducer and activator of transcription 3 (p-Stat3), were quantified using commercially available ELISA kits (Abcam). Each assay was conducted using protein extracts from the oral mucosa of five rats per group, following the standard curve method for analysis. The experimental conditions, such as temperature and incubation times, were stringently controlled to minimize variability and ensure the accuracy of the measurements. The absorbance was read at the specified wavelength according to the kit’s protocol, and the concentration of each cytokine was calculated based on the standard curve derived from the kit’s provided standards.

2.8 Biochemical Analysis

The quantification of antioxidants glutathione (GSH) and the activities of key antioxidant enzymes (SOD and GSH-Px) was performed using commercially available assay kits and a microplate reader, in accordance with the manufacturer’s instructions.

2.9 Statistics

All experiments were conducted with a minimum of three replicates. Results in tables and figures are presented as mean ± standard deviation. All data were statistically evaluated using SPSS version 20.0 and visualized using OriginPro 2022. Differences were assessed using one-way analysis of variance (ANOVA). Multiple comparisons between groups were performed using Student t’s method.

3  Results

3.1 Qualitative and Quantitative Analysis of Flavonoids in Ponkan

The Ponkan, the predominant wide-skinned citrus variety cultivated in China, encompasses numerous cultivars. However, little research has compared the active substance content among these cultivars. In this study, we collected 20 distinct cultivars of Ponkan (Fig. 1) and performed qualitative and quantitative analysis of flavonoids in their citrus peel using UPLC-HRMS. As shown in Fig. 2 and Table 2, a total of 16 flavonoid compounds were identified in Ponkan peel, including 6 flavanones, 1 dihydroflavone, and 9 flavones. It is worth noting that both dihydroflavones and flavones are polymethoxyflavones (PMFs) with 4 or more methoxy groups.

[image: images]

Figure 1: Photos of 20 cultivars of Ponkan fruit
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Figure 2: UPLC spectrum of different cultivars of Ponkan fruit (280 nm)
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The quantitative analysis of 16 flavonoids was conducted. As illustrated in Fig. 2 and Table S1, the flavonoid content in all citrus cultivars ranged from 33.35 to 52.68 mg/g DW. Among them, the cultivars ‘PaiXiTou No.7’, ‘QuPeng No.2’, ‘JiangXi WuHe’, and ‘XiangXi WuHe’ exhibited the highest content, while ‘HuTouGan’ and ‘YuanHong’ displayed the lowest content levels. Hesperidin, nobiletin, and tangeretin were identified as the three most abundant flavonoids with concentrations ranging from 6.35 to 16.50 mg/g DW for hesperidin, 7.78 to 13.03 mg/g DW for nobiletin, and 5.25 to 6.61 mg/g DW for tangeretin, respectively. The above results demonstrate significant variations in flavonoid content among different Ponkan cultivars.

3.2 The Alleviating Effects of Ponkan Extracts on Oral Ulcers

To assess the therapeutic effect of Ponkan extracts on oral ulcers, we induced ulceration in Wistar rat oral cavities using acetic acid. As shown in Table 3, acetic acid induced ulcers in rat oral cavities. The ulcer areas subsequently increased on the second day post-induction. Ulcer areas in all groups increased by 1.94 to 7.17 mm2 compared to the modeling period, with no significant differences among the groups on Day 1 (the day of first gavage treatment). Starting from the third day of gavage treatment, the ulcer areas in the treatment groups showed a significant reduction compared to the model group. This reduction was even more pronounced by the fifth day. Although the ulcer areas in the model group also exhibited reductions on the third and fifth days compared to both modeling and first day of treatment, with decreases of 10.16 and 12.43 mm2, respectively, the treatment groups demonstrated more substantial reductions ranging from 11.58 to 17.25 mm2 on the third day and from 15.47 to 21.77 mm2 on the fifth day when compared to their respective initial measurements. Notably, statistically significant differences were observed among all treatment groups on the third and fifth days. Among them, ‘LiPeng No.2’ showed the best effect, reducing the ulcer area from 24.83 mm2 on Day 1 to 7.58 mm2 on Day 3 and 3.06 mm2 on Day 5.
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Additionally, we recorded the evoked mouth rubbing time of rats after treatment with water-soluble capsaicin as an indicator of pain sensitivity. As shown in Fig. 3A, the evoked mouth rubbing time in the control group was 14.3 ± 1.5 s/3 min, while in the model group, it reached 50.2 ± 7.2 s/3 min, indicating a significant increase in oral pain sensitivity due to modeling. The evoked mouth rubbing time in the treatment groups ranged from 15.58 to 37.54 s/3 min, significantly reducing oral pain sensitivity.
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Figure 3: Effects of feeding Ponkan extracts on mouth-rubbing (pain index) (A) and oral inflammatory factors TNF-α (B), IL-1β (C) and IL-6 (D) of rats with oral ulcer model. * represents a significant difference with the model group (p < 0.05), # represents a significant difference with the control group (p < 0.05)

Given that oral ulcers are a form of oral inflammation, the accumulation of inflammatory factors represents a significant characteristic. We quantified the expression levels of oral inflammatory factors, as depicted in Fig. 3B–D. Induction of oral ulcers resulted in respective 2.41-fold, 8.45-fold, and 3.09-fold increases in TNFα, IL-1β, and IL-6 expression levels, indicating an exacerbation of oral inflammation. Gratefully, administration of Ponkan extracts via gavage significantly attenuated the accumulation of inflammatory factors associated with oral ulcers.

3.3 Regulatory Effects of Ponkan Extract on Jak2-Stat3 Pathway

To investigate the underlying mechanism by which Ponkan extract mitigates oral ulcers, the expression of three inflammatory factor genes was evaluated using q-PCR. As shown in Fig. 4A–C, modeling of oral ulcers significantly upregulated the expression of TNFα, IL-1β, and IL-6 genes. However, treatment with Ponkan extract notably suppressed the expression of these three pivotal inflammatory factors.
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Figure 4: Effects of feeding Ponkan extract on inflammatory genes including TNF-α (A), IL-1β (B), IL-6 (C), Jak2-Stat3 pathway (D to I) and antioxidants evaluation (J to L) of rats with oral ulcer model. * represents a significant difference with the model group (p < 0.05), # represents a significant difference with the control group (p < 0.05)

The Jak2-Stat3 pathway plays a crucial role in inflammation, and we investigated the expression of Jak2 and Stat3 genes as well as proteins. The results depicted in Fig. 4D–I demonstrate a significant upregulation of Jak2 and Stat3 gene expression upon oral ulcer modeling, accompanied by an elevation in the levels of phosphorylated Jak2 and Stat3 proteins. Notably, treatment with Ponkan extract effectively suppressed the expression of Jak2 and Stat3 genes while also mitigating the levels of both total and phosphorylated forms of Jak2 and Stat3 proteins. These findings provide mechanistic insights into the anti-inflammatory properties of Ponkan extracts along with their potential therapeutic effects on oral ulcers. Oxidative stress commonly accompanies inflammation as a coexisting phenomenon. Henceforth, our investigation focused on assessing how oral ulcers impact glutathione (GSH) levels, as well as glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) activity within an organism (Fig. 4J–L). Our findings revealed a significant inhibition in GSH levels due to oral ulcers. Notably, administration with Ponkan extract led to markedly elevated GHS levels compared to those observed in untreated models—indicating its substantial potential for ameliorating oxidative stress resulting from oral ulcers. Furthermore, our analysis demonstrated considerably reduced activity levels for both GHS-Px and SOD within an experimental model featuring oral ulcers when contrasted with a control group. Supplementation with Ponkan extract resulted in notable increases in both enzyme activities. Therefore, we speculated that Ponkan extract could improve the content of GSH by regulating the activity of antioxidant enzymes, thereby improving the oxidative stress induced by oral ulcers.

3.4 Alleviating Effects of Ponkan Flavonoid Monomers on Oral Ulcers

The citrus flavonoids can be categorized into two primary groups: flavanones and flavones. In this study, we have specifically selected the top 5 flavonoids with the highest abundance in Ponkan, including hesperidin, sinensetin, nobiletin, tangeretin, and 5-demethylnobiletin, to assess their potential for alleviating oral ulcers. The results were presented in Table 4 and Fig. 5. On Day 3, the ulcer areas in the groups treated with the four PMFs exhibited a significant reduction compared to the model group, ranging from 7.94 to 9.67 mm2. By Day 5, further decrease in ulcer areas was observed, with tangeretin demonstrating the smallest ulcer area at 2.55 ± 0.20 mm2, which significantly surpassed the effects observed in other treatment groups. In contrast, hesperidin displayed a marginal decrease in ulcer area on both Day 3 and Day 5 without any significant difference compared to the model group.
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Figure 5: Effects of feeding Ponkan flavonoid monomers on mouth-rubbing (pain index) (A) and oral inflammatory factors TNF-α (B), IL-1β (C) and IL-6 (D) of rats with oral ulcer model. * represents a significant difference with the model group (p < 0.05), # represents a significant difference with the control group (p < 0.05)

In relation to pain sensitivity (Fig. 5A), all 4 PMFs exhibited the ability to alleviate oral pain sensitivity in rats, except for hesperidin which did not demonstrate a significant impact on improving pain sensitivity. Regarding inflammatory factors (Fig. 5B–D), all 4 PMF monomers significantly reduced the levels of TNFα, IL-1β, and IL-6. However, while hesperidin decreased the level of TNFα, it did not show a significant improvement in the levels of IL-1β and IL-6.

These findings suggest that the amelioration of oral ulcers by Ponkan flavonoid extracts may be attributed to PMFs, whereas the impact of hesperidin may be limited.

3.5 Regulatory Effects of Ponkan Flavonoid Monomer on Jak2-Stat3 Pathway

The mechanistic investigation revealed a significant inhibitory effect of PMFs on the expression of TNFα, IL-1β, and IL-6 genes (Fig. 6A–C), while no significant effect was observed for hesperidin in regulating the gene expression of these three inflammatory factors. In the Jak2-Stat3 pathway (Fig. 6D–I), all 4 PMFs exhibited significant attenuation of the aberrant upregulation of Jak2 and Stat3 gene expression induced by oral ulcers, as well as downregulation of Jak2 and Stat3 protein levels and their phosphorylation states. However, hesperidin specifically reduced the gene and protein expression of Jak2 and Stat3 without exerting a significant effect on their phosphorylation levels. The findings of this study suggested that the 4 PMFs possess the ability to modulate gene and protein expression of inflammatory factors via the Jak2-Stat3 pathway, thereby mitigating symptoms associated with oral ulcers. In contrast, hesperidin’s inability to inhibit phosphorylation levels of Jak2 and Stat3 results in a comparatively weaker impact on inflammatory factors and the alleviation of oral ulcers.
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Figure 6: Effects of feeding Ponkan flavonoid monomers on inflammatory genes including TNF-α (A), IL-1β (B), IL-6 (C), Jak2-Stat3 pathway (D to I) and antioxidant evaluation (J to L) of rats with oral ulcer model. * represents a significant difference with the model group (p < 0.05), # represents a significant difference with the control group (p < 0.05)

In terms of regulating oxidative stress, all four PMFs demonstrated the ability to regulate antioxidant enzyme activity and enhance GSH content. However, hesperidin exhibited weak regulation of oxidative stress, with no significant difference in GSH content and the activities of GSH-PX and SOD compared to those in the model group (Fig. 6J–L).

4  Discussion

Citrus fruits are highly valued for both their nutritional benefits and their bioactive properties, offering applications in food and medicine. Different categories and varieties of citrus contain diverse bioactive substances with varying functional effects. Therefore, careful consideration should be given to the selection of specific varieties for application [18]. Mandarins (Citrus reticulata), an important member of the citrus family, has garnered considerable attention in terms of its medicinal applications owing to its notable bioactive effects [8]. Particularly in inflammation inhibition and oxidative stress regulation, it has demonstrated therapeutic and regulatory potential for various diseases and sub-health conditions [19]. Although researchers have compared the bioactive effects among different categories of citrus [18,19], there are limited studies on the cultivar differences within the same category or variety itself. As one of the most representative mandarin varieties cultivated worldwide, Ponkan has over 20 cultivars in China, as shown in Fig. 1. Ponkan peel serves as a crucial constituent of the traditional Chinese medicine ‘citrus peel’, necessitating a comparative analysis of active substance content and activity across different cultivars. Our study revealed that while the substances present in 20 Ponkan peel cultivars were similar, their respective contents exhibited significant variation. Based on prior research, we speculated that there exist substantial variations in flavonoid content among different Ponkan varieties, potentially attributable to differential enzyme expression within their metabolic pathways.

The production of flavonoids in plants is a well-established secondary metabolic process that is part of the propane metabolic pathway. It begins with L-phenylalanine, which is derived from the shikimate pathway and is transformed into trans-cinnamic acid by the action of phenylalanine ammonia-lyase (PAL). This trans-cinnamic acid is then converted into p-coumaroyl-CoA through a series of enzymatic reactions involving cinnamic acid 4-hydroxylase (C4H) and 4-coumarate: coenzyme A ligase (4CL) [20]. This conversion is pivotal as it links the shikimate pathway to the phenylpropane metabolic pathway and also delineates it from the lignin metabolic pathway [21].

The enzyme chalcone synthase (CHS) plays a crucial role in the subsequent steps by catalyzing the condensation of p-coumaroyl-CoA with three molecules of malonyl-CoA, resulting in the formation of naringenin chalcone, a key intermediate in flavonoid biosynthesis [21]. This chalcone is then converted to the flavanone naringenin by the enzyme chalcone isomerase (CHI). Flavanones serve as essential precursors for the production of various types of flavonoids, including flavones, dihydroflavonols, flavonols, and isoflavones [22], which are synthesized through the catalytic actions of different enzymes such as flavone synthase (FNS), flavanone 3-hydroxylase (F3H), flavonol synthase (FLS), and isoflavone synthase (IFS) [12].

The conversion of naringenin to apigenin is facilitated by the activity of flavonoid hydroxylase (FH), and further modifications occur at various positions on the flavone nucleus through the influence of enzymes like O-methyltransferases (OMTs), glycosyltransferases (GTs), acyltransferases (ATs), and prenyltransferases (PTs). These modifications lead to the formation of a diverse array of PMFs (prenylated flavonoids) and flavone glycosides, enriching the variety and functionality of flavonoids in plants [12,20,23].

Oral ulcers, also known as recurrent aphthous stomatitis (RAS), are a prevalent oral mucosal disease characterized by the presence of one or more small, painful ulcers. These ulcers typically exhibit a round or oval shape with a white or yellow center and red periphery, often accompanied by tactile sensitivity. They can manifest in various locations within the oral cavity, including the lips, tongue, gums, and buccal mucosa. The exact cause of oral ulcers is not fully understood, but it is thought to involve a range of factors. These include immune system dysregulation that leads to inflammation. Management strategies for oral ulcers primarily focus on symptom relief and facilitation of wound healing. While most cases resolve spontaneously within one to two weeks, researchers have been exploring natural products and other interventions to expedite the healing process [1,3]. However, previous evaluation methods of oral ulcers have primarily focused on cell models, with limited emphasis on animal models. In our study, we proposed three comprehensive methods for evaluating oral ulcers, encompassing ulcer area measurement, pain sensitivity assessment, and inflammatory factor content. Notably, these approaches are also supported by the findings reported by previous reports [10,24].

Previous reports have indicated the therapeutic and palliative effects of citrus on digestive tract ulcers, with a predominant focus on gastric ulcers [25,26]. Nonetheless, very limited attention has been given to oral ulcer studies [27], particularly in terms of evaluating cell migration ability which presents significant differences between cell models and animal models. In our study, we employed Ponkan and flavonoid monomers to investigate the therapeutic efficacy of oral ulcer amelioration in rats. Our findings show that both Ponkan extracts and flavonoid monomers have substantial efficacy in improving oral ulcers. They reduced the ulcer area, alleviated pain sensitivity as shown by decreased mouth rubbing time, and mitigated inflammation by reducing the accumulation of inflammatory factors.

The Jak2-Stat3 pathway is a pivotal cellular signaling pathway that plays a crucial role in various biological processes. Jak2, a non-receptor tyrosine kinase, works in conjunction with its receptor to stimulate the production of cytokines and growth factors. These signal molecules subsequently activate downstream signaling mechanisms, including Stat3, which acts as a transcription factor responsive to diverse cytokines such as interferon and interleukin-6 (IL-6). Upon binding of extracellular signals to the target cell receptor, Jak2 is initially activated and phosphorylates Stat3 within the cytoplasm. Subsequently, two phosphorylated Stat3 molecules dimerize and translocate into the nucleus where they bind to the regulatory region of corresponding target genes, thereby initiating downstream gene expression. Particularly in ulcerative inflammation, the Jak2-Stat3 signaling pathway assumes an indispensable role by serving as a critical conduit for signal transduction mediated by multiple cytokines and inflammatory mediators closely associated with inflammatory responses [28,29]. However, the role of Jak2-Stat3 pathway in oral ulcers, especially the regulation of flavonoids on oral ulcer-induced Jak2-Stat3 pathway, has not been reported. Our study found that Ponkan extracts and flavonoid monomers could inhibit the gene and protein expression of Jak2 and Stat3. While 4 PMFs monomers including sinensetin, nobiletin, tangeretin and 5-demethylnobiletin could inhibit the phosphorylation of Jak2 and Stat3, thereby inhibiting the gene and protein expression of downstream inflammatory factors. However, hesperidin had no significant effect on the phosphorylation of these two key proteins, corresponding to its limited formation of ameliorative effects on oral ulcers.

Oxidative stress and inflammation are mutually reinforcing complex biological processes, and their interaction constitutes a dynamic cycle. Oxidative stress triggers the inflammatory response by activating the inflammatory signaling pathway, damaging cell membranes and DNA, and altering cytokine production [30]. Additionally, activated immune cells release large amounts of reactive oxygen species (ROS) during the inflammatory process, further exacerbating oxidative stress [31]. Inflammatory mediators such as cytokines and chemokines not only promote the attraction and activation of inflammatory cells but also increase the expression of oxidases, leading to excessive ROS production [32]. Furthermore, inflammation can inhibit the activity of antioxidant systems, reduce the expression of antioxidant enzymes, decrease glutathione (GSH) levels, thereby weakening cellular antioxidant capacity [33]. The positive feedback loop between oxidative stress and inflammation results in their sustained escalation. Tissue damage caused by inflammation releases damage-associated molecular patterns (DAMPs), which can activate signaling pathways for both inflammation and oxidative stress [34]; meanwhile, ROS generated during oxidative stress-induced ferroptosis can further promote inflammation [9]. Mitochondrial dysfunction and Fe2+ release are also important factors that exacerbate oxidative stress during inflammation [35]. This interplay leads to a mutual intensification of both inflammation and oxidative stress which play critical roles in the pathogenesis of many diseases including autoimmune diseases [36], metabolic disorders [37], cardiovascular diseases [38], and neurodegenerative diseases [39].

In the study of citrus, the citrus extract of Exocarpium Citri Grandis (ECG) has shown significant protective effects in the treatment of acute lung injury (ALI). It enhanced the antioxidant capacity by inhibiting the inflammation-associated Jak2-Stat3 signaling pathway, reduced the levels of inflammatory factors such as IL1β, IL6, and TNF-α, and increased the levels of antioxidant enzymes like superoxide dismutase (SOD) and glutathione (GSH) [40]. Furthermore, ECG suppressed ferroptosis by activating the Nrf2-GPX4 signaling axis, thereby further alleviating damage to lung tissue. Our research represents the first study to validate that Ponkan extract, particularly its PMFs, could mitigate oral inflammation resulting from ulcers via the Jak2-Stat3 pathway. Additionally, Ponkan extracts and PMFs could improve oxidative stress conditions, enhanc GSH-Px and SOD activity, and augment GSH content.

Our study introduces a pioneering approach to oral ulcer treatment through the exploration of Ponkan (Citrus reticulata ‘Ponkan’) flavonoids as a natural therapeutic agent. The innovative aspects of our research are multifaceted, beginning with the comprehensive analysis of 16 flavonoids across 20 distinct Ponkan cultivars, a depth of investigation previously uncharted in the field. The identification of polymethoxyflavones (PMFs) as key bioactive compounds with potential to modulate the Jak2-Stat3 signaling pathway represents a significant breakthrough, offering a molecular target for natural anti-inflammatory interventions. Furthermore, our comparative cultivar study provides novel insights into the variability of flavonoid content within a single citrus variety, which could guide future breeding programs for enhanced medicinal properties. The unique focus on PMFs’ therapeutic efficacy, as opposed to hesperidin, presents a new direction for oral health product development, underpinned by robust scientific findings.

Despite the novel contributions, our study acknowledges several limitations that warrant consideration. The scope of our investigation was confined to 20 Ponkan cultivars, which, while extensive, may not encompass the full genetic diversity of Citrus reticulata. The utilization of a rat model, while valuable for preliminary efficacy assessment, may not fully encapsulate the human oral ulcer condition, suggesting a need for clinical trials to validate these findings. Additionally, the specific mechanisms by which flavonoids interact with cellular pathways, beyond the Jak2-Stat3 axis, require further elucidation. Lastly, while PMFs showed promise, the study did not explore the synergistic or antagonistic effects of flavonoid combinations, which could be significant in a complex biological environment. These limitations provide a clear roadmap for future research to expand upon our findings and to refine the therapeutic potential of Ponkan flavonoids for oral ulcer treatment.

5  Conclusions

This study successfully demonstrated the inhibitory effects of Ponkan flavonoids on oral ulcers, providing a promising natural treatment option. Through comprehensive analysis using UPLC and HRMS, we identified 16 flavonoids in 20 different Ponkan cultivars. The therapeutic potential of these extracts was evaluated in a rat model of oral ulcers, revealing a significant reduction in ulcer area and alleviation of pain sensitivity. Mechanistic insights uncovered that the beneficial effects are mediated through the Jak2-Stat3 signaling pathway by reducing inflammatory factors TNFα, IL-1β, and IL-6. Individual flavonoid monomers were also investigated, with 4 PMFs effectively treating oral ulcers while hesperidin did not show significant improvement due to differences in their structure. The ability of PMFs to inhibit the phosphorylation of Jak2 and Stat3 was identified as the underlying mechanism for their anti-inflammatory properties and therapeutic applications. In contrast, hesperidin reduced expression but could not inhibit phosphorylation resulting in a less pronounced effect on oral ulcers. In conclusion, this research provides evidence for using Ponkan and its flavonoids in treating oral ulcers while shedding light on their mechanisms.
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OEBPS/Images/table-1.png
Table 1: Primers used 1n in vitro gPCR experiments

Gene Forward primer (5 to 3') Reverse primer (3’ to 5°) Amplicon
size (bp)
TNFa CGGGCAGGTCTACTTTGGAG ACCCTGAGCCATAATCCCCT 166
IL-15 GAAATGCCACCTTTTGACAGTG  TGGATGCTCTCATCAGGACAG 116
IL-6 GAGACTTCCATCCAGTTGCCT CAGGTCTGTTGGGAGTGGTA 114
Jak?2 AAGATGCTTTCTGGGTTGG ACATTGTCTAAGAGGGAGCAG 263
Stat3 ACCTCCAGGACGACTTTGAT TGTCTTCTGCACGTACTCCA 203
f- GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 154

Actin
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Table 3: The oral ulcer areas of oral rats treated with Ponkan extract (mm®)
Day 0 Day 1 Day 3 Day 5

Model 19.55+2.18 a 2425+ 1.56a 1409 +145a 11.82+0.92a
HeYang No.2 19.27 +1.36 a 2377+ 1.55a 8.49 + 0.64 cde 3.85+0.17 hi
HuaGan No.4 18.72+1.53 a 2250 +1.36 a 9.61 £0.29 cd 5.65 £0.48 cde
HuangPi 1929 £1.03 a 2243 £1.69 a 9.16 £ 0.60 cde 4.66 + 0.23 fgh
HuaShan 20.73 £1.10 a 23.17£1.00 a 9.59+0.41 cd 6.22+043 ¢
HuTouGan 20.07 £0.54 a 2440 £2.62 a 11.89 £ 0.60 b 8.93+0.40b
JiangXi WuHe 18.02+£0.52 a 2376 £ 1.24 a 7.66 £ 0.67 ¢ 3.40 £ 0.06 i
JinShui 1898 £1.44 a 2123 +£142a 9.23 +0.64 cde 5.28 £ 0.32 def
LiPeng No.2 19.55£0.64 a 24.83+1.67a 7.58 £0.63 ¢ 3.06 £0.14 i
PaiXiTou No.7 1894 £1.55a 21.04 £1.51a 8.54 £ 0.53 cde 3.93 £ 0.29 ghi
Pumpkin 20.10£1.63 a 2204+ 146 a 9.77+0.40 c 5.70 £0.27 cd
QianYang WuHe 1931+ 1.53 a 2456 +1.35 a 7.90 £ 0.56 de 3.70 £0.26 i
QuPeng No.1 18.12+1.63 a 21.18 £ 1.50 a 9.60 £ 0.65 cd 5.05 £ 0.25 def
QuPeng No.2 1828 £1.03 a 2545+ 1.53 a 9.07 £ 0.4 cde 4.80 £ 0.18 efg
QuPeng No.3 20.15+1.03 a 2496 £1.83 a 9.09 + 0.94 cde 4.96 + 0.34 def
QuZhou 1991 £0.53 a 2427095 a 9.39+0.79 cd 5.24 + 0.38 def
WangCun No.1 2024 +1.11a 22.88+1.55a 7.89 £0.72 de 3.94 £0.27 ghi
XiangXi WuHe 1899 £1.27 a 22.66 £1.97 a 9.93+0.59 ¢ 5.81+0.29 cd
YuanHong 18.79 £1.78 a 23.40+£0.77 a 9.53+0.48 cd 6.24 £0.29 ¢
ZaoMi 18.60 £1.11a 23.75+242a 7.55+0.48 ¢ 3.57+0.16 i
ZaoShu 1847 +£1.45 a 2222+191 a 8.62 £ 0.51 cde 521 +0.15 def

Note: Different letter after each column indicates a significant difference between the two groups.
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OEBPS/Images/table-4.png
Table 4: The oral ulcer areas of oral rats treated with Ponkan flavonoid monomers (mm®)

Day 0 Day 1 Day 3 Day 5
Model 20.10 £2.84 a 23.80 £2.59 a 15.81 £ 1.48 a 10.89 = 0.89 a
Hesperidin 2031 x£1.17 a 24.15+0.85a 14.64 + 0.67 a 9.51 £0.60 a
Sinensetin 21.84 £1.30a 23.92 £0.96 a 931+£0.14 b 491 +£0.19Db
Nobiletin 21.13 £0.82 a 23.64 £ 144 a 8.78 £ 0.37 be 3.56 035 ¢
Tangeretin 21.69 £ 1.18 a 23.97 £1.96 a 794+ 044 ¢ 2.55+£020d
5-Demethylnobiletin 20.90 £0.52 a 23.18£1.09 a 9.67 £0.53 b 4.17+0.26D

Note: Different letter after each column indicates a significant difference between the two groups.
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Table 2: Identification of flavonoids in Ponkan fruit peel

Peak No. TR

(min)

[M—-H]
(m/z)

[M+H]
(m/z)

Fragment
ions (m/z)

Formula

Tentative
compounds

References

10

11

12

13

14

15

16

3.9657

4.2289

7.4642

8.4224

8.7424

12.2212

16.3153

16.6519

17.4468

18.3760

18.5421

18.7703

19.2460

19.6596

20.7832

22.0453

593.1485

623.1600

579.1697

611.1983

611.1977

595.2036

373.1295

389.1239

373.1289

405.1556

403.1392

375.1081

433.1508

373.1280

389.1232

359.1135

503.1211,
473.1098,
383.0768,
353.0656

533.1326,
503.1220,
413.0885,
383.0773

271.0592,
151.0020

413.1243,
303.0862,
195.0290

303.0864,
195.0285,
153.0186

449.1446,
397.1291,
287.0917,
195.0286

357.0986,
343.0821,
315.0878,
153.0195

374.1008,
359.0765,
344.0538,
183.0296

357.0979,
343.0816,
329.0872,
153.0187

241.0716,
226.0485,
211.0248,
183.0296

388.1147,
373.0914,
355.0815,
327.0852

360.0849,
345.06009,
330.0381,
327.0508

418.1268,
403.1024,
388.0804,
345.0617

358.1040,
343.0804,
328.0575,
300.0628

374.1004,
359.0763,
341.0658,
197.0086

344.0898,
329.0655,
311.0553,
197.0084

C27H30015

C28H320 16

Cy7H3,014

CysH34015

CysH34015

CasH34014

Cr0H2007

Cr0H2003

Cr0H2007

C21H405

C21H2208

C19H1808

CyoH2409

C20H2007

CZOHZOOS

C19H1807

Vicenin 2

Stellarin 2

Narirutin

Hesperidin

Neohesperidin

Didymin

Isosinensetin

4'-hydroxy-5,6,7,8,3'-

pentamethoxyflavone

Sinensetin

Citromitin

Nobiletin

Ternatin

3-methoxynobiletin

Tangeretin

5-demethylnobiletin

5-hydroxy-7,8,3,4'-
tetramethoxyflavone
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[11]
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