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Basic Study
Curcumin alleviated dextran sulfate sodium-induced colitis by recovering memory Th/Tfh subset balance

Zheng LX et al. Cur regulated memory Th/Tfh subset

Lin-Xin Zheng, Kai-En Guo, Jia-Qi Huang, Miao-Hua Liu, Bai-Ling Deng, Duan-Yong Liu, Bu-Gao Zhou, Wen Zhou, You-Bao Zhong, Hai-Mei Zhao

Lin-Xin Zheng, Kai-En Guo, Jia-Qi Huang, Miao-Hua Liu, Department of Postgraduate, Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China

Bai-Ling Deng, Hai-Mei Zhao, College of Traditional Chinese Medicine, Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China

Duan-Yong Liu, Bu-Gao Zhou, Formula-Pattern Research Center, Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China

[bookmark: OLE_LINK1]Wen Zhou, Nanchang Medical College, Nanchang 330052, Jiangxi Province, China

You-Bao Zhong, Laboratory Animal Research Center for Science and Technology, Jiangxi University of Chinese Medicine, Nanchang 330004, Jiangxi Province, China

Author contributions: Zheng LX, Guo KE, Huang JQ, Liu MH, Deng BL, Liu DY, and Zhou BG performed the experiments; Zhou W and Zhao HM contributed reagents/materials/analytical tools; Zhao HM, Liu DY, and Zhong YB analyzed the data; Zheng LX, Guo KE, and Zhong YB wrote the paper; Zhou W, Zhong YB, and Zhao HM designed the experiments.

[bookmark: OLE_LINK2]Supported by the National Natural Science Foundation of China, No. 81760808 and No. 82260863; Scientific and Technological Project of Education Department of Jiangxi Province, No. GJJ181582; Jiangxi University of Chinese Medicine Science and Technology Innovation Team Development Program, No. CXTD22008; and Key Laboratory of Pharmacodynamics and Quality Evaluation on anti-Inflammatory Chinese Herbs, Jiangxi Administration of Traditional Chinese Medicine, No. 202208.

Corresponding author: Wen Zhou, MD, Associate Professor, Nanchang Medical College, No. 689 Huiren Road, Nanchang 330052, Jiangxi Province, China. zw1103380809@163.com

Received: August 16, 2023
Revised: August 26, 2023
Accepted: September 7, 2023
Published online: 

 2 / 2

Abstract
BACKGROUND
Restoration of immune homeostasis by targeting the balance between memory T helper (mTh) cells and memory follicular T helper (mTfh) cells is a potential therapeutic strategy against ulcerative colitis (UC). Because of its anti-inflammatory and immunomodulatory properties, curcumin (Cur) is a promising drug for UC treatment. However, fewer studies have demonstrated whether Cur can modulate the mTh/mTfh subset balance in mice with colitis.

AIM
To explore the potential mechanism underlying Cur-mediated alleviation of colitis induced by dextran sulfate sodium (DSS) in mice by regulating the mTh and mTfh immune homeostasis.

METHODS
Balb/c mice were administered 3% and 2% DSS to establish the UC model and treated with Cur (200 mg/kg/d) by gavage on days 11-17. On the 18th d, all mice were anesthetized and euthanized, and the colonic length, colonic weight, and colonic weight index were evaluated. Histomorphological changes in the mouse colon were observed through hematoxylin-eosin staining. Levels of Th/mTh and Tfh/mTfh cell subsets in the spleen were detected through flow cytometry. Western blotting was performed to detect SOCS-1, SOCS-3, STAT3, p-STAT3, JAK1, p-JAK1, and NF-κB p65 protein expression levels in colon tissues.

RESULTS
Cur effectively mitigates DSS-induced colitis, facilitates the restoration of mouse weight and colonic length, and diminishes the colonic weight and colonic weight index. Simultaneously, it hinders ulcer development and inflammatory cell infiltration in the colonic mucous membrane. While the percentage of Th1, mTh1, Th7, mTh7, Th17, mTh17, Tfh1, mTfh1, Tfh7, mTfh7, Tfh17, and mTfh17 cells decreased after Cur treatment of the mice for 7 d, and the frequency of mTh10, Th10, mTfh10, and Tfh10 cells in the mouse spleen increased. Further studies revealed that Cur administration prominently decreased the SOCS-1, SOCS-3, STAT3, p-STAT3, JAK1, p-JAK1, and NF-κB p65 protein expression levels in the colon tissue.

CONCLUSION
Cur regulated the mTh/mTfh cell homeostasis to reduce DSS-induced colonic pathological damage, potentially by suppressing the JAK1/STAT3/SOCS signaling pathway.
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Core Tip: Memory T cells (mTh) are formed by the differentiation of initial T cells following antigenic stimulation and have a long lifespan. The dysfunction and out-of-balance of mTh and their subsets destroy immune homeostasis to induce autoimmune diseases including inflammatory bowel disease. Finding new drugs for inflammatory bowel disease (IBD) treatment from natural plant medicine and traditional Chinese medicine is a research hotspot. Cur can regulate memory B cells and other immune cells to effectively treat experimental colitis. However, whether Cur can regulate mTh cell- and mfTh cell-mediated homeostasis to treat IBD remains unclear. We here indicated that Cur regulates the mTh/memory follicular T helper cell homeostasis to reduce dextran sulfate sodium-induced colonic pathological injury, which may be achieved by inhibiting the JAK1/STAT3/SOCS signaling pathway.

INTRODUCTION
As a common and traditional drug and food additive, turmeric (Curcuma longa L) is widely used for thousand years. It has been largely cultivated in China, India, and Arabia. Being among the main active ingredients of turmeric, curcumin (Cur) is used in various applications and is closely related to our daily lives[1]. Cur is currently among the world’s largest-selling natural food colorings and is recognized by the World Health Organization as an international food additive, often used as a culinary spice, food flavoring agent, and coloring agent[2]. Cur, as an active polyphenol extracted from Traditional Chinese medicine Curcuma longa (turmeric)[3], was popularly used as medicine and food to treat ulcer-like diseases including inflammatory bowel disease (IBD) and gastric ulcer. According to many clinical studies, Cur has a wide range of pharmacological effects such as anti-inflammatory[3], antioxidant, and immunomodulatory effects, and has a good safety profile for immune diseases such as IBD [including Crohn’s disease and ulcerative colitis (UC)] and systemic lupus erythematosus[4-6]. Recent UC treatment with Cur in clinical practices revealed that patients are well tolerated Cur without any post-Cur intervention severe side effects[3,7,8]. Animal experiments have demonstrated that Cur remarkably enhanced survival, increased body weight, and improved diarrhea and rectal bleeding, thereby effectively treating dextran sulfate sodium (DSS)-induced colitis in mice[9]. Many of our previous study results have indicated that Cur can effectively improve DSS-induced colonic pathological injury by regulating memory T cells, memory B cells, and Breg differentiation and function; inhibiting IL-1β, IL-6, IL-33, CCL-2, IFN-γ, and TNF-α, production; and promoting the secretion of IL-4, IL-10, IL-13, and IgA. All of these were probably achieved by regulating the Bcl-6-Syk-BLNK signaling pathway and inhibiting the TLR/MyD88 pathway[10-12]. The aforementioned studies have indicated that Cur can regulate memory immune cells to treat experimental colitis. In the immune system, initial T cells differentiate into memory T cells after receiving antigenic stimulation. These memory T cells have a long lifespan. When an organism is first attacked by foreign substances, the body has a small number of activated memory T cells, which then trigger an antigenic response[13]. When the secondary antigenic response is activated, even in the absence of foreign stimuli, memory T cells are activated, respond rapidly, and continue to differentiate and promote cytokine expression. Memory T cells can differentiate into Th cells and Tfh cells, with most of these helper cells in the peripheral circulation being memory T helper (mTh) cells and memory follicular T helper (mTfh) cells[14,15]. During the induction of immunity, a part of memory T lymphocytes rapidly evolves into effector T cells such as Th1, Tfh1, Th7, and Tfh7, releasing numerous inflammatory factors such as IL-1, IL-7, IL-17, and TNF-α, which are involved in mediating tissue damage. Another type of memory T cells rapidly transforms into anti-inflammatory cells such as Treg, Th10, and Tfh10, enhancing the protection of the organism[16]. When the balance between the two is disrupted, homeostasis is altered, inducing autoimmune diseases, including IBD[17]. UC is a type of IBD, characterized by autoimmune pathology that primarily affects the rectum and sigmoid colon. Clinical manifestations of IBD include abdominal pain, diarrhea, mucopurulent stools, and varying degrees of systemic and extraintestinal symptoms, such as weakness, weight loss, fever, and vomiting[18,19]. Although UC pathogenesis is unknown, disturbances in immune function and systemic immune homeostasis within the intestinal mucosa are believed to be key contributing factors to IBD development[20].
However, the regulatory effects of Cur on colonic mucosa damage by modulating the balance of mTh and mTfh cell subsets, including mTh1, mTh7, mTh10, and mTh17 as well as mTfh1, mTfh7, mTfh10, and mTfh17 subsets, remain to be elucidated. Therefore, we evaluated the efficacy and possible action mechanisms of Cur in UC treatment by using a mouse model of DSS-induced UC. Flow cytometry and other experimental methods were used to investigate the differentiation and function of mTh/mTfh cell subsets.

MATERIALS AND METHODS
Drugs
Cur was provided by Chengdu Purifa Technology Development Co., Ltd. (relative molecular mass: 368.39, purity: 98%, No. 458377), and DSS (M.W.36000-50000, No. 160110) was purchased from MP Biomedicals (Irvine, CA, United States).

Mice
Forty SPF-grade male Balb/c mice (age: 6-9 wk, weight: 21 g ± 1 g) were purchased from Hunan Silaike Jingda Experimental Animal Co. Ltd (Changsha, Hunan Province, China) [Animal Certificate No: SCXK (Xiang) 2019-0004]. These mice were placed in the barrier of the Laboratory Animal Science and Technology Center at the Jiangxi University of Chinese Medicine for 7 d for adaptation. When in the barrier, they were subjected to consistent temperature and humidity conditions and had unrestricted access to food and water. The animal study protocol (identification code: JZLLSC2021-17-9; date of approval: May 9, 2021) was approved by the Institutional Animal Care and Use Committee of Jiangxi University of Chinese Medicine. The mice were randomly allocated to the I control group, Ctrl + Cur group, DSS group, or DSS + Cur group at the end of adaptive feeding.

DSS-induced colitis
Following adaptive feeding, the DSS and DSS + Cur groups were given 3% DSS solution to drink freely for 6 d, followed by sterile drinking water for 6 d and 2% DSS solution for 6 d (Figure 1A). During this period, the control and Ctrl + Cur groups drank standard drinking water. An occult blood (OB) test paper was used to evaluate the situation of intestinal hemorrhage. An OB score equal to or greater than 2 (positive fecal OB) indicated bleeding in the colonic mucosa and the formation of ulcers. Thus, the colitis model was successfully replicated.

Treatment protocols
[bookmark: OLE_LINK3]The first 3% DSS administration was counted as the first day, and the Ctrl + Cur group was gavaged with Cur solution (200 mg/kg/d). The DSS + Cur group was administered the same Cur dose from the 11th d, and the control and DSS groups received the same volume of saline for 7 consecutive days (Figure 1A). The body weight, fecal character, and bleeding in the mouse stool were evaluated and recorded daily to evaluate the disease activity index (DAI).

Sample collection
After the last administration was completed, all mice were fasted without access to water. After 10 h of fasting was completed, the mice were weighed on the morning of the 18th d. Subsequently, pentobarbital sodium (20 mg/kg) was administered intraperitoneally to induce anesthesia before euthanizing the mice. The spleen and colon were collected from the euthanized mice on an ice platform. The spleen was placed in a 2-mL Eppendorf (EP) tube containing 0.5 mL of 1640 medium and stored at 4 °C for subsequent use. The colon was separated, placed on an ice platform, and photographed, and its length was measured. The intestinal contents were cleaned, washed with phosphate-buffered saline, aspirated, and weighed. Approximately 1 cm of the colon (2 cm below the ileocecal region) was placed in a 2-mL EP tube containing 4% paraformaldehyde. The remaining part was placed in a lyophilization tube and stored at -80 °C in the refrigerator for subsequent experiments.

Macroscopic observation and DAI
During the experiment, the general conditions of the mice were observed and recorded daily at the same period: Body weight, mental status, activity, fecal consistency, and OB score. The DAI was assessed during the treatment period according to the following criteria: Body weight (no significant reduction, 0; 1%-5% decrease, 1; 6%-10% decrease, 2; 11%-20% decrease, 3; and a decrease of > 20%, 4), consistency of stools [normal stools, 0; loose stools (dry), 2; and loose stools or diarrhea (watery stools), 4], and presence of bleeding (absence of bleeding, 0; OB detection in stool, 2; visible blood in the stool, 3; and anal bleeding, 4)[21].

Histopathological observation
After the mouse colon tissues were soaked and fixed, they were placed in a 4% paraformaldehyde solution for 72 h. A 3-4 mm length of colonic tissue was cut and placed in ethanol for stepwise dehydration, followed by xylene for dehydration and clearing and liquid paraffin for soaking and embedding. The sections were then further cut into 4-μm posterior slices, rehydrated, and stained with hematoxylin-eosin (HE). The stained sections were histopathologically examined under a light microscope (Lecia, Wetzlar, Germany). A double-blind approach was used to score the pathological damage: (1) Degree of inflammatory cell infiltration (none 0, mild 1, moderate 2, and more severe 3); (2) degree of tissue damage (none 0, damage to mucosa 1, damage to mucosa and mucosa 2, and already transmural 3); and (3) tissue regeneration (normal tissue or complete regeneration 0, almost complete regeneration 1, and crypt regeneration 2).

Flow cytometry
To identify immune cell populations in mouse spleen, a 1640 culture medium (Procell Life, Wuhan, Hubei Province, China) was added to the spleen samples. The samples were placed on ice for grinding, passed through a 70-μm cell strainer, and continued to be washed with a 1640 culture medium. The samples were immediately centrifuged at 500 g for 5 min, and the supernatant was discarded. After the samples were washed and resuspended, 2-3 mL of lysis buffer (BD Biosciences, Franklin Lakes, NJ, United States) was added to each sample and incubated in the dark for 15 min for erythrocyte removals. These single-cell suspensions were first added to the Leukocyte Activation Cocktail (BD Biosciences, Franklin Lakes, NJ, United States) and incubated at room temperature for 2.5 h with light protection. Then, an Fcγ receptor-blocking monoclonal antibody (CD16/32; BioLegend, San Diego, CA, United States) was added to the cell suspensions and incubated at 4 °C for 15 min. The cells were assessed for surface antigens, shielded from light, and labeled with BV510 rat anti-mouse CD4 (NO. 563106), AF647 rat anti-mouse CCR7 (NO. 560766), FITC rat anti-mouse CXCR5 (NO. 560577), PE rat anti-mouse CXCR3 (NO. 562152), PE-Cy7 rat anti-mouse IL-10 (NO. 505026), and BV421 rat anti-mouse IL-7R (NO. 566377) antibodies. After the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences, Franklin Lakes, NJ, United States) was applied, intracellular antigens were detected by incubating the cells with PE rat anti-mouse IL-17A antibody (NO. 506904) and shielded from light. All of the aforementioned flow cytometry antibodies were obtained from BD Biosciences. Gates were established for the quadrant markers based on negative populations and isotype controls. Data were analyzed using FlowJo software V10 (TreeStar, Ashland, Oregon, United States).

Western blotting
Western blotting was performed to evaluate JAK1, p-JAK1, STAT3, p-STAT3, SOCS-1, SOCS-3, and NF-κB p65 protein levels in colon tissue. First, 100 mg of colon tissue was accurately weighed, cut into small pieces, and added to 1000 μL of radio immunoprecipitation assay buffer. The mixture was homogenized with a tissue homogenizer (Xinzhi Biotechnology Co., Ningbo, Zhejiang Province, China) and incubated at 4 °C for 30 min. The lysed sample was centrifuged at 13000 rpm for 10 min, and the resulting supernatant was used to determine the total protein content in the tissue. Subsequently, the protein concentration was quantified through the bicinchoninic acid (BCA) assay. Polyacrylamide gel electrophoresis was performed to extract equivalent protein quantities from the colonic mucosa samples. The extracted proteins were subsequently transferred onto PVDF membranes, treated with a 5% solution of bovine serum albumin for 2 h at room temperature, and incubated overnight at 4°C with primary antibodies, including JAK1 (Abcam, ab32101, 1:1000), p-JAK1 (Abcam, ab32101, 1:1000), STAT3 (Abcam, ab131103, 1:1000), p-STAT3 (Abcam, ab194732, 1:1000), SOCS-1 (Abcam, ab9870, 1:1000), SOCS-3 (Abcam, ab16030, 1:1000), NF-κB p65 (Abcam, ab16502, 1:1000), and tubulin (Abcam, ab7291, 1:5000). After the membranes were washed, the secondary antibody goat anti-rabbit lgG (HRP) (Abcam, ab205718, 1:10000) was added, and the membranes were incubated at room temperature for 1 h. Finally, the membranes were transferred to a gel imager (Bio-Rad, Hercules, California, United States) for exposure and imaging. For semi-quantitative analysis, the target protein grayscale values were analyzed using Image J software.

Statistical analysis
All data were analyzed using GraphPad Prism software version 8.0. The data were expressed as mean ± SD. One-way analysis of variance was performed between multiple groups, followed by Tukey’s test for multiple comparisons. Statistical significance was determined for differences at P < 0.05 or P < 0.01.

RESULTS
Cur effectively alleviates DSS-induced UC mice
The symptoms in animal models of DSS-induced IBD are similar to those of clinical cases. The symptoms include abdominal pain, diarrhea, blood in the stool, weight loss, and depression. After the autopsy was performed, the colon became shorter and heavier, and multiple bleeding spots were observed in the intestine[22]. In this study, weight changes, DAI, and general signs of the mice were noted during the experimental cycle to evaluate the therapeutic effect of Cur on colitis in mice. The mice in the model group exhibited a dull coat after DSS induction, were mentally dull and less active, and liked to gather and huddle. The body weight (Figure 1B) of the mice decreased, colon length shortened (Figure 1D and F), colonic weight increased (Figure 1G), the ratio of the colonic weight/colonic length (Figure 1H) and the colonic weight index (Figure 1I) increased (P < 0.05 or P < 0.01). When the DAI results (Figure 1C) were compared, from days 1 to 17, the DAI scores of the model group were notably higher than those of the control group. The aforementioned results suggest that the mice exhibit significant UC symptoms after DSS induction. Surprisingly, these manifestations changed significantly after Cur treatment. The colonic length (Figure 1D and F) in the DSS + Cur group was restored after Cur treatment, and the colonic weight (Figure 1G), the ratio of the colonic weight/colonic length (Figure 1H) and Colonic weight index (Figure 1I) in this group were notedly lower than those in the DSS group (P < 0.05 or P < 0.01). After the drug was administered from days 12 to 17, the DAI score (Figure 1B) sharply lowered in the DSS + Cur group than in the DSS group, while the body weight (Figure 1B) regained gradually.
The histological pathological sections of DSS-induced UC mice mostly exhibited increased plasma cells in the mucosal lamina propria, inflammatory cell infiltration, progressive crypt destruction, and increased vesicular ulcers[23]. HE staining exhibited that the epithelial tissue of the colonic mucosa was intact in the control and Ctrl + Cur groups, and the crypt structure was clear, without congestion and edema. The epithelial tissue of the colonic mucosa in the DSS group was absent, congested, and edematous. Multiple ulcers were observed. The mucosa and crypt structures were severely damaged. Inflammatory cell infiltration appeared (Figure 1E). The pathological injury score (Figure 1J) was remarkably higher in the DSS group than in all groups. This is because Cur effectively reverses DSS-induced colonic tissue damage. A small amount of congestion and edema was observed in the DSS + Cur group, with epithelial tissue repair, less pronounced ulcers (Figure 1E), and a reduced pathological damage score (Figure 1J). The aforementioned data indicate that Cur effectively relieved the clinical symptoms of DSS-induced colitis mice, restored colonic epithelial tissues, and accelerated ulcer healing.

Cur regulated CD4+ Th cell subpopulation in UC mice
Memory CD4+ T helper cells are a highly heterogeneous group of cells mainly involved in the adaptive immune response, aiding in the clearing of pathogens and constituting a crucial defense mechanism of the body against microbial pathogens and toxins[24]. When activated by T cell receptors, these cells differentiate into specific mTh lineages such as Th1, Th7, Th17, and Th10. Aberrant activation and differentiation of these Th-cell subpopulations have a critical impact on UC development[25]. In this study, Th cells were labeled by gating CD4+ cells (Figures 2-4; Figure 5A and B) and effector memory T cell (CD4+CCR7-T) (Figures 2-4; Figure 5B and C) According to the results, the CD4+ IL-10+ (Th10) (Figure 4D and E) and CD4+ CCR7-IL-10+ (mTh10) (Figure 4H and I) cell levels significantly decreased (P < 0.05 or P < 0.01) in the spleen of the DDS group. By contrast, the CD4+ CXCR3+ (Th1) (Figure 2D and E), CD4+ CCR7-CXCR3+ (mTh1) (Figure 2H and I), CD4+ IL-7R+ (Th7) (Figure 3D and E), CD4+ CCR7- IL-7R+ (mTh7) (Figure 3H and I), CD4+ IL-17A+ (Th17) (Figure 5D and E), and CD4+ CCR7-IL-17A+ (mTh17) (Figure 5H and I) cell levels increased (P < 0.05 or P < 0.01). After treatment with Cur, Th1/mTh1, Th7/mTh7, and Th17/mTh17 cell levels in the UC mouse spleen were effectively downregulated (P < 0.05 or P < 0.01), whereas Th10/mTh10 cell levels were upregulated (P < 0.01). These results suggest that Cur can effectively regulate the balance among Th cell subsets in UC mice.
According to most experts, Tfh cell-mediated immune dysfunction is widely accepted to significantly contribute to the onset, progression, and recovery of UC[26,27]. To investigate whether abnormal cell expression and dysfunctional balance between Th and Tfh cell subpopulations in UC mice are closely related to UC pathogenesis. we determined the expression levels of Tfh1/mTfh1, Tfh7/mTfh7, Tfh10/mTfh10, and Tfh17/mTfh17 cells in each group. The results revealed that the CD4+ CXCR5+ IL-10+ (Tfh10) (Figure 4F and G) and CD4+ CCR7-CXCR5+ IL-10+ (mTfh10) (Figure 4J and K) cell levels were downregulated in the spleen of mice with DSS-induced colitis (P < 0.05 or P < 0.01). By contrast, CD4+ CXCR5+ CXCR3+ (Tfh1) (Figure 2F and G), CD4+ CCR7-CXCR5+ CXCR3+ (mTfh1) (Figure 2J and K), CD4+ CXCR5+ IL-7R+ (Tfh7) (Figure 3F and G), CD4+ CCR7-CXCR5+ IL-7R+ (mTfh7) (Figure 3J and K), CD4+ CXCR5+ IL-17A+ (Tfh17) (Figure 5F and G), and CD4+ CCR7-CXCR5+ IL-17A+ (mTfh17) (Figure 5J and K) cell levels were remarkably increased (P < 0.05 or P < 0.01). Surprisingly, Cur treatment successfully reversed this result. The flow cytometry results of the Cur group exhibited a significant rebound in the proportion of Tfh10 and mTfh10 cells, followed by a decrease in the proportion of Tfh1/mTfh1, Tfh7/mTfh7, and Tfh17/mTfh17 cells.
The aforementioned results revealed that Cur treatment effectively regulated mTh/mTfh intercellular overexpression and differentiation in UC mice and promoted the establishment of immune homeostasis.

Cur inhibits the JAK1/STAT3/SOCS signaling pathway in UC mice
The JAK1/STAT3/SOCS signaling pathway is involved in cell development, differentiation, proliferation, and apoptosis and can participate in the inflammatory response in autoimmune diseases by influencing the differentiation of memory T cells, including mTh and mTfh[28-30]. The study findings indicate that SOCS-1 (Figure 6A and I) and SOCS-3 (Figure 6A and J) protein levels were noticeably reduced in the DSS group compared with the control group (P < 0.05 or P < 0.01). By contrast, p-STAT3 (Figure 6A and I), STAT3 (Figure 6A and I), JAK1 (Figure 6A and B), p-JAK1 (Figure 6A and C), and NF-κB p65 (Figure 6A and H) protein expression levels and the ratio of p-JAK/JAK (Figure 6A and D) were significantly increased (P < 0.05 or P < 0.01). Following treatment with Cur, SOCS-1 (Figure 6A and I), and SOCS-3 (Figure 6A and J) protein expression levels obviously increased (P < 0.01), whereas p-STAT3 (Figure 6A and I), STAT3 (Figure 6A and I), JAK1 (Figure 6A and B), p-JAK1 (Figure 6A and C), and NF-κB p65 (Figure 6A and H) protein expression levels and the ratio of p-JAK/JAK (Figure 6A and D) were downregulated (P < 0.05 or P < 0.01) in the colon tissues of mice.

DISCUSSION
The mouse model of DSS-induced UC exhibits pathogenesis characteristics closely resembling those of human UC patients. Thus, this is a well-established experimental UC model widely used for developing novel therapeutic interventions against UC. We here found that mTh and mTfh cells exhibited significant abnormalities, as observed through increased levels of mTh1/mTfh1, mTh7/mTfh7, and mTh17/mTfh17 cells, decreased levels of mTh10/mTfh10 cells, and their evolving into an imbalance in the effector Th and Tfh cell levels. This indicated that the disruption of the balance of Th/Tfh immune cells and immune homeostasis are pivotal players in the pathogenesis of DSS-induced colitis, which is consistent with the results of Zhong et al[31], Xue et al[32], Zhu et al[33], and Xiao et al[34]. Cur effectively regulated the balance between total Th/Tfh cells and mTh/mTfh cells, and their subsets. The mTh1/mTfh1 (Th1/Tfh1), mTh7/mTfh7 (Th7/Tfh7), and mTh17/mTfh17 (Th17/Tfh17) cell levels decreased. For example, the expression level of CXCR3, a biomarker of Th1 and mTh1 cells, decreased in the two cells. Additionally, a reduction in IL-7 and IL-17A production was noted, which could be attributable to suppressed activation that leads to differentiation from memory to effector phenotypes[35]. Meanwhile, the levels of IL-10-secreting mTh10/mTfh10 and Th10/Tfh10 cells noticeably increased, and this increase plays a role in suppressing inflammation development[36]; similar results were observed in the present study. Second, the levels of mTh/mTfh cells were also effectively suppressed or restored, thus maintaining immune homeostasis and enhancing the adaptive immune response[37]. Our study findings align with the notion that Cur exerts a therapeutic effect on DSS-induced colitis by effectively ameliorating its pathological state in mice[12]. In our study, Cur significantly increased mouse body weight and colonic length, whereas markedly reduced the DAI score, colonic weight, colonic weight/colonic length, and colon weight index in mice with colitis. It also improved the pathological damage to the colon while significantly decreasing the pathological damage score. Notably, in our study, Cur exhibited remarkable effectiveness in mitigating DSS-induced colitis in the mice while simultaneously exerting a modulatory influence on mTh/mTfh cells. These indications suggest that Cur effectively addresses DSS-induced colitis in mice, potentially by modulating the mTh/mTfh cell-mediated immune homeostasis. However, the probable mechanism underlying the Cur-modulated balance of the mTh/mTfh cells and their subsets must be explored.
We emphatically examined the changes in the JAK1/STAT3/SOCS signaling pathway in mouse colon tissues through western blotting. Without treatment, JAK1 and STAT3 proteins were activated and the downstream protein SOCS was inhibited in the mice with colitis, indicating that this signaling pathway was activated and closely related to the pathogenesis of DSS-induced colitis. In the presence of various cytokine stimuli, the JAK1/STAT3/SOCS pathway has a crucial regulatory role in the development, differentiation, proliferation, apoptosis, and functionality of immune cells such as memory T cells and memory follicular T cells[38,39]. Upon stimulation with certain hetero antigens, specific cytokines upregulate SOCS-1 and SOCS-3 gene expression. Consequently, these gene products inhibit the JAK1/STAT3 pathway and decrease the levels of inflammatory factors and apoptosis-inducing genes, thereby creating a negative feedback loop that aids in sustaining the body’s immune homeostasis[40]. The JAK1/STAT3/SOCS pathway mainly regulates the differentiation of T cells, including mTh/mTfh cells and other memory T cell subsets[41]. Initial CD4+ T cells can activate STAT3 and induce RORγt expression in the presence of low IL-6 concentrations, thus contributing to Th17 cell differentiation[42]. IL-6 can also indirectly promote Th17 cell differentiation by activating STAT3, inhibiting T-bet and Treg expression, and reducing Th1 cell differentiation[43-45]. Furthermore, increasing evidence has shown that SOCS-1/SOCS-3 gene overexpression can inhibit Th1, Th2, and Th17 cell differentiation[46-48]. When Cur was administered, JAK1 and STAT3 protein expression was inhibited and SOCS protein levels increased, which indicated that Cur can effectively inhibit the activation of this signaling pathway. Combined with the results of the aforementioned efficacy evaluation, we inferred that the ability of Cur to effectively treat mouse colitis and to inhibit the JAK1/STAT3/SOCS signaling pathway are closely related.
Based on the aforementioned inferences, the present results thus offer us many vital hints. First, Cur can promote the differentiation of mTh10/mTfh10 to Th10/Tfh10 to increase IL-10 Levels by inhibiting this JAK1/STAT3/SOCS signaling pathway, while inhibiting the differentiation of mTh1/mTfh1 to Th1/Tfh1, mTh7/mTfh7 to Th7/Tfh7, and mTh17/mTfh17 to Th17/Tfh17, thus regulating the balance between different Th/Tfh cell subpopulations. Finally, it decreases the secretion of pro-inflammatory cytokines such as INF-γ, IL-7, and IL-17A, ultimately maintaining the body’s immune homeostasis[24,49]. Second, Cur may also regulate the crosstalk between Th and Tfh, mTh and mTfh cells by inhibiting the activation of the JAK1/STAT3/SOCS signaling pathway; the Th and Tfh, mTh, and mTfh cells may undergo interconversion[50]. In summary, Cur can effectively treat DSS-induced colitis by preserving the immune homeostasis mediated by mTh/mTfh cells and their subsets, which is possibly realized by inhibiting the JAK1/STAT3/SOCS signaling pathway. We are here to provide a shred of indirect evidence. However, we believe that Cur-mediated regulation of this signaling pathway creates the environment and conditions for the transformation, communication, and dialog between mTfh and mTh cells. In our future work, we intend to use flow cytometry or other methods to induce and isolate mTh and mTfh cells, and then use Cur intervention to evaluate their differentiation levels. We will also use lentiviral transfection to overexpress or under express the JAK1 gene and use inhibitors or agonists to accurately evaluate whether Cur can interfere with the JAK1/STAT3/SOCS signaling pathway to interfere with the crosstalk between mTh and mTfh cells, which would be very interesting work.

CONCLUSION
Cur regulated the mTh/mTfh cell homeostasis to reduce DSS-induced colonic pathological damage, potentially by suppressing the JAK1/STAT3/SOCS signaling pathway.

ARTICLE HIGHLIGHTS
Research background
Maintaining immune homeostasis by targeting memory immune cells is a crucial treatment strategy for autoimmune diseases. Discovering new drugs from natural plant medicine and traditional Chinese medicine to treat inflammatory bowel disease (IBD) is a research hotspot. Many researches had shown that curcumin (Cur) can effectively treat patients and animals with ulcerative colitis (UC). Although Cur can regulate the function of immune cells to alleviate UC in mice, whether Cur can regulate the memory T helper (mTh) cell- and memory follicular T helper (mTfh) cell-mediated homeostasis to treat IBD remains unknown.

Research motivation
To further widen the category of the immunopharmacological action of Cur and supply increasing scientific evidence for promoting the clinical application of Cur in IBD treatment.

Research objectives
To explore the potential mechanism underlying Cur-mediated alleviation of dextran sulfate sodium (DSS)-induced colonic pathological damage by observing changes in mTh and mTfh cells and their subsets and function.

Research methods
DSS was used to induce experimental colitis, and colitis was treated with Cur for 7 consecutive days. The therapeutic effect of Cur was evaluated through macroscopic and microscopic observations. The levels of mTh and mTfh cells and their subsets were detected through flow cytometry. SOCS-1, SOCS-3, STAT3, p-STAT3, JAK1, p-JAK1, and NF-κB p65 protein expression levels were measured through Western blotting.

Research results
Cur effectively alleviates DSS-induced colitis in mice, promotes the recovery of mouse weight and colonic length, and reduces colonic weight and the colonic weight index. Meanwhile, Cur inhibits ulcer formation and inflammatory cell infiltration in the colonic mucosa. The percentage of Th1, mTh1, Th7, mTh7, Th17, mTh17, Tfh1, mTfh1, Tfh7, mTfh7, Tfh17, and mTfh17 cells decreased after the mice with colitis were treated with Cur for 7 d, whereas the frequency of mTh10, Th10, mTfh10, and Tfh10 cells in the spleen of these mice increased. Additional studies revealed that the SOCS-1, SOCS-3, STAT3, p-STAT3, JAK1, p-JAK1, and NF-κB p65 protein expression levels significantly decreased in the colon tissue after Cur administration.

Research conclusions
Cur effectively alleviated DSS-induced colitis in mice by regulating mTh/Tfh cells, which was potentially realized by inhibiting the JAK1/STAT3/SOCS signaling pathway.

Research perspectives
Cur is a commonly used food additive and the main effective constituent of traditional Chinese medicine. Cur regulates the immune homeostasis mediated by memory T and B cells. This is a very promising and significant effect of Cur that can be used to develop the value of Cur as a healthcare product for preventing many chronic and recurrent diseases.
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Figure 1 Curcumin effectively improved the symptoms of dextran sulfate sodium-induced ulcerative colitis mice. A: Dextran sulfate sodium (DSS)-induced ulcerative colitis model replication and Cur administration; B: Body weight changes of mice from days 0 to 18; C: Disease activity indexes of mice in each group from days 0 to 18; D: Specific colonic lengths of mice in each group; E: Pathological sections of the colon of each group of mice (HE staining, 50 × magnification; scale bar = 100 μm); F: The colonic length of mice in each group on day 18; G: Colon weights of mice in each group on day 18; H: The colonic length/colonic weight of mice in each group on day 18; I: The colonic weight index of mice in each group on day 18; J: Pathological injury scores of mice in each group. Data are expressed as the mean ± SD (n = 8). The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the DSS group (cP < 0.05, dP < 0.01). Cur: Curcumin; DSS: Dextran sulfate sodium.
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Figure 2 Memory T helper 1/memory follicular T helper 1 cell subpopulation levels in ulcerative colitis mice. A: Typical flow cytometry patterns of CD4+ cells; B: Typical flow cytometry patterns were observed in the spleen; C: Typical flow cytometry patterns and histograms of CD4+ CCR7- cells; D and E: Typical flow cytometry patterns and histograms of CD4+ CXCR3+ (Th1) cells; F and G: CD4+ CXCR5+ CXCR3+ (Tfh1) cells; H and I: CD4+ CCR7-CXCR3+ (mTh1) cells; J and K: CD4+ CCR7- CXCR5+ CXCR3+ (mTfh1) cells. Data are expressed as the mean ± SD (n = 8). The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the dextran sulfate sodium group (cP < 0.05, dP < 0.01). Cur: Curcumin; DSS: Dextran sulfate sodium.

[image: ]
Figure 3 Memory T helper 7/memory follicular T helper 7 cell subpopulation levels in ulcerative colitis mice. A: Typical flow cytometry patterns of the spleen CD4+ cells in the spleen; B: Typical flow cytometry patterns were observed in the spleen; C: Typical flow cytometry patterns and histograms in the spleen of CD4+ CCR7- cells; D and E: CD4+ IL-7R+ (Th7) cells; F and G: CD4+ CXCR5+ IL-7R+ (Tfh7) cells; H and I: CD4+ CCR7-IL-7R+ (mTh7) cells; J and K: CD4+ CCR7-CXCR5+ IL-7R+ (mTfh7) cells. Data are expressed as the mean ± SD (n = 8). The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the dextran sulfate sodium group (cP < 0.05, dP < 0.01). DSS: Dextran sulfate sodium. Cur: Curcumin; DSS: Dextran sulfate sodium.
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Figure 4 Memory T helper 10/memory follicular T helper 10 cell subpopulation levels in ulcerative colitis mice. A: Typical flow cytometry patterns of the spleen CD4+ cells; B: Typical flow cytometry patterns were observed in the spleen; C: Typical flow cytometry patterns and histograms in the spleen of CD4+ CCR7- cells; D and E: CD4+ IL-10+ (Th10) cells; F and G: CD4+ CXCR5+ IL-10+ (Tfh10) cells; H and I: CD4+ CCR7-IL-10+ (mTh10) cells; J and K: CD4+ CCR7-CXCR5+ IL-10+ (mTfh10) cells. Data are expressed as the mean ± SD (n = 8). The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the dextran sulfate sodium group (cP < 0.05, dP < 0.01). Cur: Curcumin; DSS: Dextran sulfate sodium.
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Figure 5 Memory T helper 17/memory follicular T helper 17 cell subpopulation levels in ulcerative colitis mice. A: Typical flow cytometry patterns of the spleen CD4+ cells; B: Typical flow cytometry patterns were observed in the spleen; C: Typical flow cytometry patterns and histograms in the spleen of CD4+ CCR7- cells; D and E: CD4+ IL-17A+ (Th17) cells; F and G: CD4+ CXCR5+ IL-17A+ (Tfh17) cells; H and I: CD4+ CCR7-IL-17A+ (mTh17) cells; J and K: CD4+ CCR7-CXCR5+ IL-17A+ (mTfh17) cells. Data are expressed as the mean ± SD (n = 8). The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the dextran sulfate sodium group (cP < 0.05, dP < 0.01). Cur: Curcumin; DSS: Dextran sulfate sodium.
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Figure 6 Curcumin inhibits JAK1/STAT3/SOCS signaling pathway-related proteins in ulcerative colitis mice. A: Western blotting of the major proteins in the JAK1/STAT3/SOCS signaling pathway, such as JAK1, p-JAK1, STAT3, p-STAT3, NF-κB p65, SOCS-1, and SOCS-3. Tubulin served as the reference protein in this study; B-J: Quantitative evaluations of JAK1 (B), p-JAK1 (C), JAK1/p-JAK1 (D), STAT3 (E), p-STAT3 (F), STAT3/p-STAT3 (G), NF-κB p65 (H), SOCS-1 (I), and SOCS-3 (J). Data of each group are expressed as the mean ± SD. The differences were statistically significant when compared with the Ctrl group (aP < 0.05, bP < 0.01). Differences were statistically significant with the dextran sulfate sodium group (cP < 0.05, dP < 0.01). Cur: Curcumin; DSS: Dextran sulfate sodium.
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