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[bookmark: OLE_LINK75][bookmark: OLE_LINK76]Abstract
AIM
To investigate the influence of high salt on dextran sulfate sodium (DSS)-induced colitis in mice and explore the underlying mechanisms of this effect.

METHODS
DSS and NaCl were used to establish pro-inflammatory animal model. We evaluated the colitis severity. Flow cytometry was employed for detecting the frequencies of Th1, macrophages and Tregs in spleen, mesenteric lymph node and lamina propria (LP). The important role of macrophages in the promotion of DSS-induced colitis by NaCl was evaluated by depleting macrophages with MDP. Activated peritoneal macrophages and lamina propria mononuclear cells (LPMCs) were stimulated with NaCl, and proteins were detected by Western blot. Cytokines and inflammation genes were analyzed by ELISA and RT-PCR, respectively.

RESULTS
The study findings indicate that NaCl up-regulates the frequencies of CD11b+ macrophages and CD4+IFN-γ+IL-17+ T cells in LP in DSS-treated mice. CD3+CD4+CD25+Foxp3+ cells which can secrete high levels of IL-10 and TGF-β increase through feedback in NaCl and DSS treated mice. Furthermore, MDP pretreatment significantly alleviated DSS-induced colitis indicating that macrophages play a vital role in NaCl pro-inflammatory activity. NaCl aggravates peritoneal macrophage inflammation by promoting the expressions of interleukin (IL)-1, IL-6 and iNOS. Specifically, high NaCl concentrations promote p38 phosphorylation in LPS and IFN-γ activated LPMCs mediated by SGK1. 

CONCLUSION
Pro-inflammatory macrophages may play an essential role in the onset and development of NaCl-promoted inflammation in DSS-induced colitis. The underlining mechanism involves on the up-regulation of the p38/MAPK axis.
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[bookmark: OLE_LINK1196][bookmark: OLE_LINK1154][bookmark: OLE_LINK1155][bookmark: OLE_LINK1322][bookmark: OLE_LINK1044][bookmark: OLE_LINK1224][bookmark: OLE_LINK1225][bookmark: OLE_LINK1635][bookmark: OLE_LINK1763][bookmark: OLE_LINK1764][bookmark: OLE_LINK1939][bookmark: OLE_LINK2194][bookmark: OLE_LINK2878][bookmark: OLE_LINK576][bookmark: OLE_LINK579][bookmark: OLE_LINK580][bookmark: OLE_LINK521][bookmark: OLE_LINK1043][bookmark: OLE_LINK1886][bookmark: OLE_LINK1887][bookmark: OLE_LINK1888][bookmark: OLE_LINK1889][bookmark: OLE_LINK1903][bookmark: OLE_LINK2083][bookmark: OLE_LINK1977][bookmark: OLE_LINK3258][bookmark: OLE_LINK78][bookmark: OLE_LINK79]Core tip: NaCl, as an indispensable environmental factor, evokes both innate and adaptive immune pro-inflammation cell activation in mice affected by dextran sulfate sodium (DSS)-induced colitis. Pro-inflammatory CD4+ cells in DSS- and NaCl-treated mice are mainly double-positive IL-17+IFN-γ+ T cells. Macrophage depletion significantly alleviates DSS-induced colitis. M1 macrophages play an important role in the pro-inflammatory effect of NaCl in the gut of mice. NaCl promotes M1 pro-inflammatory gene expression in LPS-activated peritoneal macrophage. The mechanism by which NaCl promotes DSS-induced colitis involves the up-regulation of the p38/MAPK axis.
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INTRODUCTION
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Inflammatory bowel disease (IBD), is a chronic and recurrent disease, usually manifested as ulcerative colitis (UC) and Crohn’s disease (CD)[1]. IBD is a high risk factor for colorectal cancer and it is a serious threat to the human health globally. Although its etiology is presently unclear, findings yielded by extant studies indicate that IBD is a complex process involving heredity, environment and immunity[2-5].
Innate and adaptive immune cells play different roles in IBD pathogenesis. Results obtained in a large number of studies have shown that Th17, Th1, regulatory T cells (Tregs) and macrophages play important roles in IBD pathogenesis. For instance, the number of Th17 cells increases significantly in mucosa lamina propria (LP) of colitis patients, whereby IL-17 is produced, resulting in mucosal damage and enhancing disease activity[6,7]. Th1 polarization is related to colonic inflammation by inducing IFN-γ and TNF-α production, whereas the differential propensity to develop colitis is linked to the inherent tendency of immune system to give rise to Th1 or Th17/Treg response[8]. Tregs, which are very important regulatory T cells, highly express IL-10 and inhibit inflammation in IBD[9]. Macrophages in intestinal mucosa of colitis patients could secrete cytokines TNF-α, IL-1 and IL-6[10]. Intestinal macrophages are the major population of antigen presenting cells in intestinal mucosa and they shape the types of T cell response to luminal antigens[11]. 
Sodium chloride mediates the inflammatory effects of immune cells that are very important to IBD. NaCl exacerbates EAE in mice by promoting Th17 cell differentiation[12]. High salt content strengthens the LPS induced macrophage activation by activating signaling pathways of p38 and ERK1 to induce the production of pro-inflammatory factors[13]. Extant studies have shown that the high salt diet promotes Th17 cell activation in LP and exacerbates experimental colitis in mice[14,15]. However, high salt diet on other immune cells such as Th1, Tregs and macrophages, which are also associated with pathopoiesis in IBD, is still unclear. Macrophage activation plays a pivotal role in inﬂammation initiation and progression in diverse pathological conditions. Findings obtained in our previous research indicate that, in mice treated with clodronate liposomes (MDP), gut macrophages were successfully depleted. Macrophage depletion could protect mice against colitis induced by dextran sulfate sodium (DSS), suggesting that the macrophage play an important role in colitis pathogenesis.
In the present study, we hypothesized that NaCl promotes the onset and course of DSS-induced colitis, as well as sustains the disease. The promotion effect may be due to monocyte-macrophages shifting the T cell response toward Th17, Th1 and Treg cells. We tested this hypothesis in a DSS-induced colitis mouse model, which shares many characteristics with human UC[16,17]. We found that NaCl promoted both macrophages and CD4+ pro-inflammatory cell immune response, whereby CD4+ pro-inflammatory cells were mainly CD4+IFN-γ+IL-17+ T cells. NaCl enhanced the pro-inflammatory gene expression and cytokine secretion in the colons of mice affected by colitis. Depletion of gut macrophages significantly alleviated DSS-induced colitis suggesting macrophages play a vital role in the NaCl pro-inflammation process. High NaCl enhanced M1 pro-inflammation gene expression in LPS-activated peritoneal macrophages. Therefore, colitis promoted by high NaCl levels may be a result of M1 macrophage polarization. M1 polarization shifts T cell response toward pro-inflammatory CD4+IFN-γ+IL-17+ T cells. High NaCl pro-inflammation in LPS and IFN-γ activated LPMC relies on the up-regulation of the p38 mitogen-activated protein kinase (p38/MAPK) axis.

MATERIALS AND METHODS
Animal treatment
For this study, 8- to 10- wk-old female C57BL/6J mice were purchased from the Animal Center of Third Military Medical University (Army Medical University). Mice were housed at 24 ℃ under light-controlled cycle (12 h) with free access to standard laboratory water and food. All processes were supported by the Committee on Use and Care of Laboratory Animals at Third Military Medical University (Army Medical University).

Establishment of animal model with DSS and NaCl 
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK53][bookmark: OLE_LINK60]Mice purchased from the Animal Center were allowed at least seven days to adapt to the environment before being randomly divided into four groups. They received water containing 2% NaCl (Sinopharm Chemical Reagent, China) and/or water containing 2.5% DSS (MP biomedicals160110, United States) for 10 d. The intestinal macrophages were depleted using MDP (van Rooijen and van Kesteren-Hendrikx, 2003, clodronateliposomes.org, Holland)[18]. Briefly, 200μl MDP was injected i.p. into mice four days prior to the onset of inflammation and on day -1, 1, 3 and 5 during 2.5% DSS and 2%NaCl treatment. The disease activity index (DAI)-which was used for the clinical scoring of stool consistency, bleeding and weight loss-served as the measure of colitis severity. The criteria for grading the DAI were adopted from elsewhere[19].

Cell isolation
[bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK94]Spleen (SP) and mesenteric lymph node (MLN) cells from each mouse in all groups were separated by grinding on filters. SP red blood cells were lysed using red blood cell lysis buffer (Beyotime C3702, China). Single cell suspensions of SPs and MLNs were obtained through filters. Cells were washed twice with PBS (Zhongshanjinqiao, Beijin, China) containing 2% fetal calf serum (2%FBS/PBS, Gibco, Life Technologies, United States) through centrifugation. Cell pellets were resuspended in 2%FBS/PBS and were kept on ice for later use. Intestinal lamina propria mononuclear cells (LPMCs) were isolated in accordance with the Lamina Propria Dissociation kit instructions (Miltenyi Biotec 130-097-410, Germany). Cell pellets were resuspended in 40% percoll (Ruitaibio, Beijing, China) and added slowly to the upper part of centrifuge tubes which were added 5ml 80% percoll at the bottoms. LPMCs were obtained by washing twice with 2%FBS/PBS after density gradient centrifuging at 420 g for 20 min. 
 
Flow analysis
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK32][bookmark: OLE_LINK33]The isolated cells from SPs, MLNs and LPs from each experimental group were cultured in 96-well U plate in 0.2ml 1640 medium containing 1% penicillin-streptomycin (Beyotime C0222, China) and 10% FBS with ionomycin (I) (1 g/mL, Beyotime S1672, China), phorbol 12-myristate 13-acetate (PMA) (25 ng/mL, Beyotime S1819, China) and Brefeldin A (BFA) (10 ug/ml, BD Bioscience 51-2092KZ, United States) for 6 hours. The cells were collected and pre-blocked by Fc receptors for 20 minutes. Cell-surface staining was performed using PE-, FITC-, APC- or percp-conjugated anti-CD4, CD3, CD25 or CD11b (eBioscience, CA, United States). Intracellular staining was performed using the FITC-conjugated anti-mouse IFN-γ, PE-conjugated anti-mouse IL-17 or Foxp3 (eBioscience, CA, United States). The intracellular or nuclear staining for IFN-γ, IL-17 and Foxp3 analysis was performed according to the BD Bioscience protocol. 

LPMCs stimulation
[bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK100][bookmark: OLE_LINK101]Isolated LPMCs were cultured at a concentration of 5 × 106 cells/ml for 24 h, after which the culture supernatants were collected and cytokine levels were analyzed by ELISA or were stimulated using different NaCl concentrations (5, 10, 20, 40, 60, 80 mmol/L) in the presence of 100 ng/mL LPS (Sigma, United States) and 20 ng/mL IFN-γ (Sigma, United States) with SB20358 (p38 inhibitor) or DMSO (Beyotime ST038, China) for 24 h. The cells were detected by Western blot (WB) or real time-PCR (RT-PCR). 

Mouse peritoneal macrophage preparation
[bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK104][bookmark: OLE_LINK105]Mice were injected intraperitoneally with 2 mL of 4% sterile thioglycollate medium (Becton Dickinson, United States)[20]. Peritoneal macrophages were obtained by washing the peritoneal cavity with 8ml PBS containing 1% penicillin-streptomycin per mouse. Peritoneal macrophages were centrifuged and resuspended in DMEM (Gibco, Thermo Fisher Scientific, United States) containing 10%FBS and 1% penicillin- streptomycin. Next, peritoneal macrophages were seeded in 24-well plates (Corning, United States) and non adherent cells were removed 4 h after seeding by washing with medium[21]. Once adhered to the culture plates, cells were stimulated with NaCl (10, 20, 40, 60, 80 mmol/L) and 100 ng/mL LPS for 24 h. Finally, cells were collected for gene expression evaluation.

Colon culture
Colon tissues were cultured as previously described[22,23]. Briefly, after cut longitudinally, colon tissues were washed with PBS for removing intestinal contents and were cut into 1-cm segments. These pieces were cultured in 24-well plates in 2ml RPMI1640 medium (Gibco, Life Technology, Shanghai, China) containing 1% penicillin-streptomycin for 24 h. Supernatant was obtained by centrifuging at 10000 g at 4 °C for 10 min and was immediately stored at -80 °C until required for further ELISA detection.

RNA isolation and RT-PCR
[bookmark: OLE_LINK110][bookmark: OLE_LINK111]RNAs of cells and tissues were extracted by trizol (Ambion, Life Technology, USA). RNA was transcribed into cDNA using reverse transcription kits (TAKARA, RR047A, Japan). Quantitative real time PCR was performed using BIORAD in duplicates using SYBR Green (TAKARA, RR820A, Japan) to measure the products. Gene expression was analyzed using the comparative Ct method and was normalized to GAPDH which served as internal control. The primer sequences are shown in Table 1.

ELISA
[bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Cytokine content was expressed in pg/mL. Abs, including purified and biotinylated rat anti-mouse, and related reagents were purchased from eBioscience (CA, United States). Briefly, 2 g/mL capture antibody diluted with coat buffering was incubated at 4 ℃ overnight in 96 well plates(Corning, United States) and was blocked with 5% bovine serum albumin (BSA) (Sigma, United States) at 37 ℃ for 2 h. Samples were incubated at 37 ℃ for 2 h after being washed three times with PBS containing 0.05% Tween-20 (PBST). Biotinylated antibodies were incubated at 37 ℃ for 1 h after being washed with PBST three times. HRP-conjugated antibody was incubated at 37 ℃ for 30 min after being washed with PBST five times. The reaction of detection reagent at 37 ℃ required needed 15 min after the unbounded antibody was removed by washing with PBST five times. The plate was analyzed at 450nm wavelength after terminating the reaction with the stop solution.

Histology and immunohistochemistry
[bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK136][bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK137][bookmark: OLE_LINK126][bookmark: OLE_LINK127][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK118][bookmark: OLE_LINK119]Colon tissues were fixed with 4% paraformaldehyde before being embedded in paraffin. To assess inflammation, colon tissue cross sections were stained with hematoxylin and eosin (HE). Sections were incubated with rabbit anti- mouse iNOS antibody labeled with FITC (Biorbyt, orb14179, United Kingdom) and rabbit anti- mouse F4/80 antibody labeled with PE (Biolegend 123109, United States). All immunofluorescence images were taken by a fluorescence microscope (Leica, Germany) under the same exposure and intensity settings.

Western blotting 
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK116][bookmark: OLE_LINK117]Proteins were extracted by RIPA lysis buffer containing protease inhibitor cocktail. The protein concentration was detected using the Protein Concentration Kits (Beyotime P0012, China) and the samples were boiled for 5 min at 98 ℃. Then, 30 g of protein for each sample was separated with SDS-PAGE. Next, proteins were electro transferred onto a nitrocellulose membrane (GE Healthcare, Sweden) and were blocked with 5%BSA in TBS-0.05% Tween 20 (TBST) at room temperature for 2 h. The membrane was subsequently incubated with GAPDH (1:1000, Santa Cruz, United States), p38 or phosphorylated p38 (1:250, Abcam, United States) at 4 ℃ for 16 h. The membrane was washed with TBST before being incubated at room temperature for 1 h with antibody conjugated with HRP (1:2000, Zhongshanjinqiao, Beijing, China). Antibody binding was detected with the ECL substrate (BIORAD170-5060, United States) after washing with TBST. The optical density of bands was analyzed using Image J 1.42 software (United States).

Statistical analysis
All data were expressed as mean ± SD. GraphPad software (GraphPad Prism 5.00 for Windows, United States) was used for data analysis. Statistical results were evaluated using unpaired Student’s t-test or ANOVA, and P < 0.05 was considered statistically signiﬁcant.

RESULTS
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]NaCl aggravates DSS-induced colitis in mice
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]To determine the influence of NaCl on enteritis, mice were given 2.5% DSS and/or 2% NaCl. Mice that received both NaCl and DSS started losing weight from Day 5 and subsequently exhibited greater weight loss compared to the DSS group (Figure 1A). Moreover, the death rate in the DSS + NaCl group was markedly higher than in the DSS group (Figure 1B). Compared to other groups, colons of mice in the DSS + NaCl group became shorter (Figure 1C). H＆E staining displayed obvious inflammatory cells infiltration in both groups, but the DSS + NaCl group exhibited more inflammatory cell infiltration in colon tissues compared to the DSS group (Figure 1D). These findings suggest that NaCl aggravated inflammation in DSS-induced colitis.

NaCl up-regulates the frequency of CD4+IFN-γ+IL17+ T cells and promotes the secretion of inflammatory cytokines in mice with DSS-induced colitis
Increasing evidence indicates that CD4+ T cells play a crucial role in the pathogenesis of chronic intestinal inflammation, and related cytokines-such as IFN-γ, IL-6, IL-17A and TNF -are highly expressed in the inflamed mucosa of IBD patients[24,25]. To explore the influence of NaCl on CD4+ T cells in colitis-affected mice, the CD4+IFN-γ+IL-17+ T cell subsets were detected. Compared to the DSS group, the flow cytometry analysis indicated that frequencies of CD4+IL-17+ and CD4+IFN-γ+ T cell subsets were markedly up-regulated in the DSS + NaCl group (Figure 2A). NaCl promotion of the DSS-induced colitis development is associated with both CD4+IL-17+ and CD4+IFN-γ+ T cells in LPs, MLNs and SPs. In addition, the frequencies of inflammatory CD4+ T cells (IL-17+ and IFN-γ+ single positive T cells and IFN-γ+IL-17+ double positive T cells) in DSS + NaCl group were higher than in the DSS group. It is also noteworthy that the frequency of CD4+IFN-γ+ T cells was up-regulated the most (Figure 2B). These findings suggest that CD4+IFN-γ+IL-17+ T cells are crucial in the inflammation promotion by NaCl in DSS-treated mice. 
[bookmark: OLE_LINK48]Cytokines IFN-γ, IL-17α, IL-1α, IL-6 and TNF-α secreted by colon tissues were detected by ELISA and the gene expression of colon tissues from the animal model was measured by RT-PCR. Compared to the DSS group, IFN-γ, IL-17α, IL-1α, IL-1β, IL-6 and TNF-α were all higher in the DSS + NaCl group (Figure 2C and D). Therefore, high NaCl levels up-regulate inflammation gene expression and promote the secretion of multiple pro-inflammatory cytokines in mice affected by DSS-induced colitis.

NaCl up-regulates macrophage frequency in DSS-treated mice
Macrophages play a crucial role in the Th1 and Th17 responses, and are also important regulators of salt homeostasis[26]. To determine the effect of NaCl on macrophages in mice affected by colitis, we detected the frequency of CD11b+ macrophages in mice that received DSS and/or NaCl by flow cytometry. We observed that the macrophages increased significantly in the LP, MLN and SP in DSS + NaCl group compared to the DSS group (Figure 3A). The increased CD11b+ macrophages were mainly located in intestinal LP and MLN (Figure 3B). These findings indicate that the macrophages also participate in the NaCl pro-inflammation activities in DSS-induced colitis.

Tregs increase through feedback in the development of NaCl aggravating inflammation associated with DSS-induced colitis
[bookmark: OLE_LINK142][bookmark: OLE_LINK143]Tregs play an important role in the maintenance of intestinal mucosal homeostasis by suppressing abnormal immune response against dietary antigens or commensal flora[8]. To explore the changes in Tregs in the mice that received DSS and NaCl, we detected CD3+CD4+CD25+Forp3+ T cells by flow cytometry and observed that their levels were higher in DSS+NaCl group than in the DSS group (Figure 4A). The increased Tregs were mainly distributed in the LP and MLN, while their prevalence in SP did not change significantly (Figure 4B). To explore the influence of NaCl on Tregs in DSS-induced colitis, we evaluated cytokine levels in culture supernatants of LPMCs by ELISA. The results yielded by the analyses indicate that NaCl induces LPMCs to secrete TNF-α, IL-1α, IL-6 and IL-17, which are critical Th17 cell-related cytokines. Moreover, NaCl promotes the secretion of TGF-β and IL-10, which are significant anti-inflammatory cytokines secreted by Tregs (Figure 4C). These findings show that Tregs levels also increase as a result of inflammation promotion by NaCl in mice with DSS-induced colitis.

Macrophages play a critical role in NaCl aggravating DSS-induced colitis 
Extant studies have shown that MDP can deplete macrophages in mice[27]. We used MDP to deplete the macrophages in mice during the DSS and NaCl treatment to determine their role in the promotion of DSS- induced colitis by NaCl (Figure 5A). We observed that macrophage depletion by MDP could prevent colon shortening in the mice treated with NaCl and DSS (Figure 5B).The DAI also showed that macrophage depletion alleviated inflammation in NaCl pro-inflammatory processes (Figure 5C). The levels of inflammation cytokines IFN-γ, TNF-α, IL-1β, IL-17A, IL-6, MCP1 and MIP2 secreted by colon tissues from MDP treated mice were reduced (Figure 5D). The colon tissues from the DSS + NaCl group contained a greater number of F4/80+iNOS+ macrophages compared to the DSS group. In addition, the MDP-treated mice had fewer F4/80+iNOS+ macrophages compared to the DSS + NaCl group (Figure 6). Thus, we posit that macrophage depletion can reduce colitis severity in mice. 

[bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK23][bookmark: OLE_LINK24]High NaCl promotes M1 macrophage polarization in vitro
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Macrophages in both peritoneal cavity and gastrointestinal tract are linked to IBD[28]. Different NaCl concentrations (10, 20, 40, 60, 80 mmol/L) were used to stimulate the macrophages from the abdominal cavity and the gene expression was detected by RT-PCR. Our findings indicate that IL-1β, IL-6 and iNOS, which usually exhibit pro-inflammatory roles, gradually increased as the NaCl concentration increased (Figure 7A-C). It is worth noting that IL-10 and Arg1, which are M2 macrophage markers, increased modestly at low NaCl concentrations, whereas their expression markedly increased at 40mM and above (Figure 7D and E). These results display that high NaCl levels promote LPS-activated peritoneal macrophages toward to M1 polarization. 

[bookmark: OLE_LINK29][bookmark: OLE_LINK30]NaCl promotes inflammation response in LPs, whereas LPS and IFN-γ activated LPMCs rely on p38/MAPK
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]P38/MAPK is related to both IBD and hyperosmotic stress[29,30]. Western blot analysis revealed that high NaCl levels significantly up-regulated phosphorylated-p38 of LPMCs stimulated with LPS and IFN-γ for different time periods (1 h, 6 h, 12 h, 24 h), however, they did not affect the total level of p38, and p38 phosphorylation reached the highest level after 12 h (Figure 8A). LPMCs were treated with NaCl at different concentrations (5, 10, 20, 40, 60, 80 mmol/L) in the presence of LPS and IFN-γ for 24 h. The WB revealed that p38 phosphorylation increased in a dose dependent manner (Figure 8B). Serum glucocorticoid regulated kinase 1 (SGK1) increased in LPMCs activated by LPS and IFN-γ due to NaCl stimulation (Figure 8C). The results further indicated that p38 inhibitor can decrease high-NaCl-promoted p38 phosphorylation in LPMCs (Figure 8D). These findings confirmed that NaCl promotes an inflammatory response in the LPS and IFN-γ activated LPMCs and the pro-inflammation effect depends on p38/MAPK phosphorylation mediated by SGK1.

DISCUSSION
[bookmark: OLE_LINK138][bookmark: OLE_LINK139]NaCl has been shown to exert pro-inflammatory effect in many diseases including experimental colitis, EAE, and cardiovascular disease[31-33]. In the present study, we observed that macrophages played an important role in the promotion of DSS-induced colitis by NaCl. Macrophages, as antigen -presenting cells, are important in regulating innate and adaptive immune responses and have a crucial role in resolving tissue injury and promoting tissue repair in IBD[34,35]. Even though the cause of IBD remains unclear, mice with lymphocyte deficiency developed more severe inflammation, suggesting that innate immune cells are capable of triggering the onset and development of disease[36]. Activation of innate immune system is regarded as the most direct cause of IBD because it can recruit cells of the adaptive immune system to the inflammatory site, thus resulting in inflammation[37].
Findings yielded by the present study further indicated that NaCl promoted the increase in the CD4+ T cell count, especially the IFN-γ+IL-17+ double positive T cells in DSS-treated mice. Extant research indicates that highsalt diet promotes the differentiation of CD4+ T cells into Th17 as well as Th1[32]. However, Wei et al. showed that, in TNBS-induced colitis, NaCl promoted Th17 polarization, but not Th1 polarization[15]. DSS and TNBS may cause different pathogenic mechanisms. Wei et al used TNBS to induce colitis, which mainly simulated CD. However, we used DSS to induce colitis which mainly simulated UC[38]. In both CD and UC patients, activation and mucosal infiltration of CD4+ T lymphocytes has been reported[39]. Extant studies have revealed that blocking CD4+ T cell activation was capable of limiting the development of mucosal inflammation in experimental colitis models[40]. CD4+ IFN-γ+IL-17+ T cells, as an intermediate form between Th17 and Th1, are an easily observable crossover subset promoted by IL-12 signaling beyond IL-17[41,42]. Th17 cells play an important role in colitis pathogenesis by directly giving rise to Th1-like cells response[43]. Empirical evidence indicates that IBD is characterized by Th1 cell activation and subsequent over expression of cytokines such as TNF-α, IL-6 and IL-1β[44,45]. In addition, findings yielded by extant research suggest that Th1 cytokines are important promoters of continuous mucosal inflammation in DSS-induced colitis[46,47]. The results obtained in the present work confirmed the important role of CD4+IFN-γ+IL-17+ T cells in the promotion of inflammation by NaCl in DSS-treated mice. High NaCl content up-regulates inflammation gene expression and promotes the secretion of multiple pro-inflammatory cytokines for promoting intestinal inflammation in mice affected by DSS-induced colitis.
IL-6 and IL-17 are critical Th17 cell-related cytokines that are involved in inflammatory responses during IBD development[7,48]. In contrast, anti-inflammatory TGF-β and IL-10, are mainly produced by Tregs[49]. Wei and colleagues demonstrated that, while high-salt diet did not change Tregs percentage, it did inhibit the secretion of IL-10 and the suppressive function of Tregs in TNBS-induced colitis[15]. In our study, NaCl promoted an increase in Tregs frequency in MLNs and LPs, as well as enhanced IL-10 and TGF-β expression, in DSS-induced colitis. Tregs, as an immune suppressing cell, is essential in maintaining intestinal homeostasis[50]. In DSS-treated beta7-deficient mice, in which colonic Tregs were depleted, excessive macrophage infiltration in colons occurred by up-regulation of colonic epithelial intercellular ICAM1, which promoted pro-inflammatory cytokine expression, aggravating DSS-induced colitis[51]. Disruption in balance may allow T cells to proliferate in an increased fashion, thereby promoting chronic intestinal inflammatory development[52]. Therefore, continuous Tregs differentiation and trafficking in the gut is required to dampen immune responses to dietary antigens and commensal bacteria[53]. 
We also found that NaCl promoted an increase in CD11b+ cells in the LP and MLN from mice treated with DSS. Denning et al[54] have shown that CD11b+F4/80+CD11c- macrophages in LP could induce Foxp3+ regulatory T cell differentiation, while CD11b+ dendritic cells in LP elicited responses of IL-17-producing T cells[54]. Empirical evidence indicates that the intake of high dietary salt could boost Th17 response through activating the caspase-1 in macrophages[15,55]. Moreover, in reaction to NaCl, macrophages with enhanced expression of immune-stimulatory molecules, promote pro-inflammatory cytokine production and T cell proliferation[10,56]. Human monocyte-derived GM-Mφ exhibit potent Ag-presenting functions, produce IL-12p40 and IL-23p19, and promote development of Th1 immunity[57,58]. In our study, inflammation was relieved when the intestinal macrophages were depleted by MDP, which indicated that the activation of Th17 and Th1 cells required macrophage participation.
Peritoneal macrophages from mice are among the best-studied macrophage populations and their role in the regulation of inflammatory responses and mucosal immunity is well understood[59,60]. Macrophages in peritoneal cavity, which are crucial in the regulation of inflammatory pathologies, are also related to IBD[28,61]. In the present study, we have shown that high NaCl content enhanced the expression of pro-inflammation gene IL-1β, IL-6 and iNOS and anti-inflammation gene Arg1 and IL-10 in macrophages from abdominal cavity of mice. Macrophages can be polarized to either classically activated (M1) or alternatively activated (M2) macrophages[62]. M1 macrophages are pro- inflammatory cells dur to their high capacityfor producing pro-inflammatory cytokines, such as IL-23, IL-12, IL-1β, TNF-α and iNOS[63,64]. M2 macrophages highly express IL-10 and Arg1, which are involved in anti-inflammatory, anti-microbial response[62,65]. These cytokines promote the activation of the adaptive immune and T cell response[66]. In this research, high NaCl content boosted M1 polarization and up-regulated expression of pro-inflammatory genes to promote inflammation. Under low NaCl concentrations, IL-1, IL-6 and iNOS mainly produced by M1 macrophages were up-regulated, while the negative adjustment factor expressions were low. When the NaCl concentration rised to a certain dose, high levels of pro-inflammatory factors IL - 1, IL - 6 and iNOS induced the cell protective response through feedback, and caused the up-regulation of negative adjustment factor IL-10 and Arg1. Thus, when the inflammation continues to worsen, the M2 macrophages will respond to balance inflammation with protective immunity, and inhibit the expression of pro-inflammatory factor.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]We explored the influence of NaCl on LPS and IFN-γ activated LPMCs and demonstrated that high NaCl enhanced phosphorylation of p38, as inflammation and salt intake are both linked to p38/MAPK. The p38/MAPK signaling pathway is important in IBD and the inhibition of p38/MAPK can effectively suppress the production of inflammatory mediators[29]. Available evidence indicates that p38/MAPK mediates intestinal inflammation gene expression, such as TNF-α, IL-1 and IL-6, and this up-regulation occurs in multiple types of cells, especially monocytes and macrophages[67]. In addition, p38/MAPK can regulate the SGK1 activation[30]. High NaCl concentration promotes p38/MAPK phosphorylation and activates the SGK1[32]. SGK1 has been shown to control Na(+) transport and NaCl homeostasis in cells, and could trigger Th17 responses and promote tissue inflammation[12]. Human LPMCs exposed to high NaCl concentrations highly express IL-17A, IL-23R and TNF-α, and pharmacological inhibition of p38/MAPK has been shown to abrogate the effect of NaCl on LPMC-derived cytokines[14]. In the present study, high NaCl content was shown to promote inflammation in LPS and IFN-γ activated LPMCs. However, this process relies on the up-regulation of p38/MAPK and SGK1.
In summary, the study findings reported in this work indicate that NaCl induces alterations to both the innate and acquired immune system in mice with DSS-induced colitis. NaCl promotes M1 macrophage polarization, and M1 polarization may shift T cell response toward the pro-inflammatory CD4+IFN-γ+IL-17+ T cells aggravating colitis. The mechanism by which high NaCl concentrations promote inflammation relies on the up-regulation of p38/MAPK and SGK1. Although results obtained in the present study indicate that excessive NaCl intake can promote the inflammation in mice with the DSS-induced colitis, the causality of high salt diet and IBD still needs to be confirmed by further investigations. More clinical and experimental studies are required to fully clarify the role of salt in IBD.

ARTICLE HIGHLIGHTS 
Research background
At present, most diets are characterized by high salt content. Extant studies have shown that high salt intake contributes to inflammatory bowel disease (IBD) incidence and pathogenesis. However, the mechanism underlining these effects remains unclear.

Research motivation
NaCl mediates the inflammatory effects of immune cells. Both innate and adaptive immune pro-inflammation cells play important roles in IBD. Studies have shown the high salt intake promotes the activation of Th17 cells in lamina propria (LP) and exacerbates experimental colitis in mice. However, the influence of high salt content in diet on other immune cells is still unclear. The present study explored the influence of high NaCl concentration on immune cell subsets and the underlining mechanisms.

Research objectives
The aim of the present study was to determine the impact of high NaCl concentration on DSS-induced colitis in mice and explore its influence on other immune cells, such as Th1, Tregs and macrophages, while attempting to elucidate the mechanism underlying this effect.

Research methods
DSS and NaCl were used to establish pro-inflammatory animal model. The immune cell subsets were detected by flow cytometry in order to determine the target cells of NaCl. Cytokines secreted by intestinal tissue were detected. In the present study, MDP was used to deplete macrophages to further delineate their vital role in the promotion of DSS-induced colitis in mice by NaCl. In cell experiments, NaCl at different concentrations acted directly on LPMCs and macrophages. mRNA levels of inflammation genes and p38/MAPK proteins were determined by RT-PCR and WB, respectively. 

Research results
High NaCl concentration exacerbated the DSS-induced colitis. Intestinal CD4+IFN-γ+IL-17+ T cells and macrophages both play crucial roles in the promotion of inflammation by NaCl in mice with colitis. NaCl promotes M1 pro-inflammatory gene expression in LPS-activated peritoneal macrophages. High NaCl concentrations promote the up-regulation of the p38/MAPK axis in the LPS and IFN-γactivated LPMCs.

Research conclusions
NaCl evokes both innate and adaptive immune pro-inflammation cell activation in mice affected by colitis. Colitis may be promoted by high NaCl levels, by NaCl initially by acting on macrophages toward to M1 polarization. Then, M1 polarization shifts T cell response toward pro-inflammatory CD4+IFN-γ+IL-17+ T cells. Inflammation promotion by NaCl in LPS and IFN-γ activated LPMCs relies on the up-regulation of the p38/MAPK axis.

Research perspectives
[bookmark: _GoBack]Although results in this study indicate that high NaCl intake can promote the inflammation in mice with the DSS-induced colitis, the causality of high salt diet and IBD still needs to be confirmed by further investigations. More clinical and experimental studies are inspired to fully clarify the role of salt in IBD.
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Figure 1 Mice treated with dextran sulfate sodium and NaCl develop more severe colitis. A: Mice were given DSS and/or NaCl and were weighed daily . B: The death status were recorded daily. C: Colonic tissues were collected from four groups of mice and Colonic length was measured. D: Histological analyses show sections of the colon stained with HE for DSS or NaCl treated mice. In all the panels, data indicate three separate experiments, whereby 10 mice per group were used in each experiment. aP < 0.05; bP < 0.01; cP < 0.001. DSS: Dextran sulfate sodium.
[image: ]
[bookmark: OLE_LINK20][bookmark: OLE_LINK31]Figure 2 NaCl promotes CD4+IFN-γ+IL-17+ T cell increase and inflammatory cytokine secretion in dextran sulfate sodium treated mice. A: The CD4+IFN-γ+IL-17+ T cells in LPs, MLNs and SPs from mice treated with NaCl and/or DSS were detected by flow cytometry. B: Combined the flow cytometry, the analysis of CD4+IL-17+, CD4+IFN-γ+ and CD4+IFN-γ+IL-17+ T cell subset distribution in LPs, MLNs and SPs. C: Colon tissues collected from mice treated with DSS or DSS + NaCl which were washed with PBS and cultured for 24 h, and the supernatant were collected and detected by ELISA. D: The colon tissues collected from mice treated with NaCl and DSS (or only DSS) were detected by RT-PCR. The relative fold change in DSS + NaCl-treated mice vs DSS-treated mice. In all the panels, data indicate three separate experiments, whereby three mice per group were used in each experiment. aP < 0.05; bP < 0.01; cP < 0.001. DSS: Dextran sulfate sodium; LP: Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.
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[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Figure 3 CD11b+ macrophages increase in dextran sulfate sodium and NaCl treated mice. A: The CD11b+ cells in LPs, MLNs and SPs from the four groups were detected by flow cytometry. B: Quantification of the flow cytometry data indicates the CD11b+ cell distribution in LPs, MLNs and SPs. In the panels, data indicate three separate experiments, whereby three mice per group were used in each experiment. aP < 0.05; bP < 0.01; cP < 0.001. LP: Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.
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[bookmark: OLE_LINK69][bookmark: OLE_LINK70]Figure 4 CD3+CD4+CD25+Foxp3+ T cells increase in mice treated with dextran sulfate sodium and NaCl. A: CD3+CD4+CD25+Foxp3+ T cells in LPs, MLNs and SPs from animal models were detected by flow cytometry. B: A summary of the percentages of CD3+CD4+CD25+Foxp3+ T cell distribution in LPs, MLNs and SPs. C: LPMCs from the four groups were isolated and cultured for 24 h, and the levels of cytokines in the culture supernatants were collected and analyzed by ELISA. In all the panels, data indicate three separate experiments, whereby three mice per group were used in each experiment. aP < 0.05; bP < 0.01; cP < 0.001 vs the DSS group. DSS: Dextran sulfate sodium; LP: Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.
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Figure 5 The depletion of macrophages reduces the severity of DSS-induced colitis promoted by NaCl. A: Clodronate-liposomes (MDP) or control PBS-liposomes (PBS) were administrated intravenously to all mice, as schematic protocol indicated during DSS and NaCl treatment. B: DAI were monitored daily. C: Colon length was measured in each group mice (n = 10). Colon explants were cultured for 24 h and the inflammatory cytokines in supernatants were detected by ELISA (n = 3) (D). aP < 0.05; bP < 0.01; cP < 0.001 (MDP + DSS + NaCl vs DSS + NaCl). DSS: Dextran sulfate sodium.
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Figure 6 INOS+F4/80+ macrophages increase in the colon of dextran sulfate sodium and NaCl treated mice. Macrophages in colon tissue obtained from mice injected i.p. with PBS-containing liposomes (PBS), or clodronate-liposomes (MDP) during the NaCl and DSS treatment were analyzed. The sections were stained with antibodies of anti-F4/80 (red) and anti-iNOS (green). Nuclei were stained with DAPI (blue). Laser Co-focal Microscopy was used to detect fluorescence. (Scale bar = 50 μm). 
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Figure 7 High NaCl levels enhance pro-inflammatory gene expression in LPS-activated peritoneal macrophage. A-E: Peritoneal macrophages were stimulated with different NaCl concentrations (10-80 mmol/L) in the presence of LPS for 24 h. mRNA expression was measured by RT-PCR for the indicated genes. In all the panels, data indicate three separate experiments. aP < 0.05; bP < 0.01; cP < 0.001.
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[bookmark: OLE_LINK58][bookmark: OLE_LINK59]Figure 8 NaCl promotion of inflammation relies on the P38/MAPK. A: LPMCs were stimulated with 60 mmol/L NaCl in the presence of 100 ng/mL LPS and 20 ng/mL IFN-γ for 1 h, 6 h, 12 h and 24 h and the p38 and phosphorylated p38 protein were detected by WB. B: LPMCs were stimulated with different NaCl concentrations in the presence of 100 ng/mL LPS and 20 ng/mL IFN-γ for 24 h and phosphorylated p38 protein was detected by WB. C: LPMCs were stimulated with different NaCl concentrations in the presence of LPS and IFN-γ, and the mRNA expression of SGK1 was measured by RT-PCR. D: LPMCs were pretreated with 10 µmol/L SB20358 (SB) or DMSO for 2 h and were subsequently stimulated with 60 mmol/L NaCl along with 100 ng/mL LPS and 20 ng/mL IFN-γ in the presence of DMSO or 10 µmol/L SB for 24 h and the protein of p38 and phosphorylated p38 were detected by WB. In all the panels, data indicate three separate experiments. aP < 0.05; bP < 0.01; cP < 0.001. DSS: Dextran sulfate sodium; LP: Lamina propria; MLN: Mesenteric lymph node; SP: Spleen.


Table 1 Primers used in the real time-PCR
	Gene name
	
	Primer sequences (5’-3’)

	GAPDH
	Sence
	5'- AGGTCGGTGTGAACGGATT -3'

	
	Anti-sense
	5'- AATCTCCACTTTGCCACTGC -3'

	IL-1β
	Sence
	5'- TGGTGTGTGACGTTCCCATTA -3'

	
	Anti-sense
	5'- CAGCACGAGGCTTTTTTGTTG -3'

	IL-1α
	Sence
	5′-CGCCAATGACTCAGAGGAAGA-3′

	
	Anti-sense
	5′-GGCGTCATTCAGGATGAATTC-3′

	IL-6
	Sence
	5'- ACAACCACGGCCTTCCCTACTT -3'

	
	Anti-sense
	5'- CACGATTTCCCAGAGAACATGTG -3'

	IFN-γ
	Sence
	5’-CTGCTGATGGGAGGAGATGT-3’ 

	
	Anti-sense
	5’-ATTTGTCATTCGGGTGTAGTCA-3’ 

	Arg1
	Sence
	5’-CTCCAAGCCAAAGTCCTTAGAG-3’

	
	Anti-sense
	5’-GGAGCTGTCATTAGGGACATCA-3’

	iNOS
	Sence
	5’-ACATCGACCCGTCCACAGTAT-3’

	
	Anti-sense
	5’-CAGAGGGGTAGGCTTGTCTC-3’

	IL-10
	Sence
	5’-GCTCTTACTGACTGGCATGAG-3’

	
	Anti-sense
	5’-CGCAGCTCTAGGAGCATGTG-3’

	TNF-α
	Sence
	5’-CTGAACTTCGGGGTGATCGG-3’

	
	Anti-sense
	5’-GGCTTGTCACTCGAATTTTGAGA-3’

	[bookmark: _Hlk500522782]IL-17α
	Sence
	5′-TGTGAAGGTCAACCTCAAAGTCT-3’

	
	Anti-sense
	5′-GAGGGATATCTATCAGGGTCTTCAT-3′

	SGK1 
	Sence
	5′-CTGCTCGAAGCACCCTTACC-3′

	
	Anti-sense
	5′-TCCTGAGGATGGGACATTTTCA -3′
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