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Abstract

:

Bisphenols are environmental toxins with endocrine disruptor activity, yet bisphenol A (BPA) and its analogs are still widely used in manufacturing plastic products. There is evidence showing that BPA elicits inflammation in humans and animals, but the target cell types of BPA are not well understood. In this study, we sought to determine BPA’s direct effect on macrophages and BPA immunotoxicity in mouse intestine. Ghrelin is an important nutrient-sensing hormone, acting through its receptor growth hormone secretagogue receptor (GHSR) to regulate metabolism and inflammation. We found that BPA promotes intestinal inflammation, showing increased infiltrating immune cells in colons and enhanced expression of Ghsr and pro-inflammatory cytokines and chemokines, such as Il6 and Ccl2, in colonic mucosa. Moreover, we found that both long- and short-term BPA exposure elevated pro-inflammatory monocytes and macrophages in mouse peripheral blood mononuclear cells (PBMC) and peritoneal macrophages (PM), respectively. To determine the role of GHSR in BPA-mediated inflammation, we generated Ghsr deletion mutation in murine macrophage RAW264.7 using CRISPR gene editing. In wild-type RAW264.7 cells, the BPA exposure promotes macrophage pro-inflammatory polarization and increases Ghsr and cytokine/chemokine Il6 and Ccl2 expression. Interestingly, Ghsr deletion mutants showed a marked reduction in pro-inflammatory cytokine/chemokine expression in response to BPA, suggesting that GHSR is required for the BPA-induced pro-inflammatory response. Further understanding how nutrient-sensing GHSR signaling regulates BPA intestinal immunotoxicity will help design new strategies to mitigate BPA immunotoxicity and provide policy guidance for BPA biosafety.
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1. Introduction


Inflammatory bowel disease (IBD) is a debilitating disease that severely decreases the quality of life. Epidemiological studies show that IBD continues to grow globally [1,2]. IBD is a chronic inflammatory condition with recurrent episodes of diarrhea, bloody stool and weight loss. Two major types of IBD are Crohn’s disease and ulcerative colitis. Current treatments for IBD are primarily for intestinal inflammation control and symptom management. The cause of IBD includes chronic exposure to environmental chemical pollutants, which have been linked to IBD pathogenesis because of their detrimental effects on genetic/epigenetic factors, microbiota, and immune functions [3,4,5].



Bisphenol A (BPA) is one of the most significant environmental pollutants in modern times. It is detectable in over 90% of human urine samples [6,7,8]. BPA is a monomeric precursor of polycarbonate plastics and epoxy resins, which are widely used in manufacturing plastic goods such as water bottles, food containers, toys, and medical devices. Particularly, high temperature accelerates BPA leaching from plasticware into water and food that eventually enters the human body. Studies showed that BPA is an endocrine-disrupting chemical, primarily targeting estrogen receptors [9], which not only has an impact on the reproductive system but also is linked to inflammatory disorders, such as IBD [10,11], obesity [12,13], and diabetes [14,15]. Recent evidence showed that BPA and its analogs disturb intestinal homeostasis in mice [16,17,18,19].



Macrophages are the gatekeepers of intestinal immunity. Specifically, the macrophages in lamina propria play a crucial role in intestinal homeostasis and inflammation [20,21]. In mice with colitis, pro-inflammatory Ly6Chigh monocytes massively invade the colon mucosa and differentiate into inflammatory macrophages [22]. Similarly, human CD14+ inflammatory macrophages are prevalent in the colon mucosa of IBD patients [20,23]. Emerging evidence shows that macrophages have critical roles in intestinal inflammation and resolution. The dysfunction of macrophages is linked to persistent inflammation in the intestinal mucosa [21]. Although there were early studies on myeloid cell activity and the relationship with BPA exposure [24,25,26], it is not still clear whether their interactions contribute to intestinal inflammation.



Orexigenic and anorexigenic peptide hormones such as ghrelin and leptin regulate the human body’s energy homeostasis and cellular metabolism. The growth hormone secretagogue receptor (GHSR) is a functional receptor of ghrelin, but GHSR, as a G protein-coupled receptor, has a high level of constitutive activity that is independent of ghrelin binding [27,28]. The highest expression of the Ghsr gene is detected in certain neurons of the hypothalamus; it is also readily detectable in mature macrophages [29,30] and other immune cells [31,32,33]. We and others have shown that GHSR and ghrelin have a functional role in modulating macrophage activation in adipose tissue inflammation and regulating pro-inflammatory cytokine release in response to the lipopolysaccharide challenge [29,30]. However, it is unknown whether the macrophage GHSR signaling is involved in the modulation of BPA immunotoxicity.



In this study, we examined the BPA effect on mouse intestinal inflammation, myeloid cell activation, and gene expression in colon mucosa. We also analyzed the BPA effects on macrophage and monocyte polarization in peripheral blood and the peritoneal cavity. Based on our observations of increased Ghsr expression and pro-inflammatory cytokine and chemokine gene expression in response to BPA exposure, we further assessed the effect of Ghsr in BPA-mediated response in macrophages. We generated Ghsr deletion mutants from RAW264.7 cells by CRISPR gene editing and confirmed that the GHSR function plays an important role in the modulation of BPA-induced pro-inflammatory polarization in macrophages.




2. Materials and Methods


2.1. Animals


Mice used in this study were 3–4-month-old females from C57BL/6J backgrounds. The mice were housed in a pathogen-free Laboratory Animal Resources and Research facility at Texas A&M University and were maintained under the controlled temperature and lighting cycle (23 ± 1 °C; 12 h-to-12 h light-dark cycle), with free access to purified drinking water in glass bottles and a purified rodent diet (2020X Teklad, Envigo, Indianapolis, IN, USA) that minimizes phytoestrogen by excluding the soy component. All experiments were performed under an animal use protocol approved by the Institutional Animal Care and Use Committee at Texas A&M University.



Mice with similar body weights and compositions were randomized and divided into experimental and control groups. BPA (Sigma-Aldrich, St. Louis, MO, USA) was first dissolved in ethanol and then diluted (1:10,000) with corn oil (Sigma-Aldrich, St. Louis, MO, USA) to form a 10 μg/mL solution, which allows the gavage volume to be adjusted proportionally to body weight (BW), e.g., administrating 250 μL BPA solution to a 25 g mouse gives a dose of 100 μg BPA/kg BW. In the study, mice were gavaged with 100 μg BPA/kg BW on alternative days (Figure 1A). Corn oil of solvent control was administrated with the same volume/BW ratio to control mice. To evaluate the disease activity index (DAI) of intestinal inflammation and colitis development, the mouse body weight, fecal consistency, and rectal bleeding were monitored and scored according to the criteria described previously [16]. Briefly, body weight change was scored as: 0: body weight gain or 0–1% loss, 1: 1–5% loss, 2: 5–10% loss, 3: 10–15% loss, 4: >15% loss compared to day 0 of the study. Fecal consistency was scored as: 0: normal stool, 1: soft but formed pellet, 2: very soft pellet, 3: diarrhea (no pellet), or 4: dysenteric diarrhea (blood in diarrhea). Rectal bleeding was scored as: 0: no bleeding, 2: the presence of visible blood in the stool (red/dark pellet), and 4: gross macroscopic bleeding (blood around the anus). To assess the acute response from BPA exposure, the experimental mice in a separate study were treated with 100 μg BPA/kg BW for 12 h. The mouse blood, peritoneal fluid, and intestine tissues were collected for analysis.




2.2. Flow Cytometry Analysis


Mouse peritoneal macrophages (PM) and peripheral blood mononuclear cells (PBMC) were harvested from the experimental mice according to their respective protocols [34,35]. The isolated PM and PBMC were processed for cell staining on ice and room temperature, respectively. Briefly, for PM staining, the cells were stained with a fixable LIVE/DEAD Aqua dye (Thermo Fisher, Waltham, MA, USA) and Fcγ II/III was blocked by a rat anti-mouse CD16/CD32 antibody (BD Bioscience, San Jose, CA, USA). After washing, the PM cell suspension was incubated for 30 min in the dark with an antibody cocktail, including eFluor450 anti-CD45, PE-Cy7 anti-F4/80, APC-Cy7 anti-CD11b, BV750 anti-CD38, PerCP anti-Ly6G and BV650 anti-CD206 (Table S1). After washing, the cells were fixed with 4% paraformaldehyde and permeabilized with Perm/Wash buffer (BD Bioscience, San Jose, CA, USA). Intracellular staining was conducted using antibodies including AF488 anti-iNOS, PE anti-IL1β, and PE/Dazzle 594 anti-TNFα. For PBMC staining, the antibody cocktail included BV510 anti-CD45, PE anti CD11b, eFluor-450 anti Ly6C, BV785 anti-Ly6G, APC anti-CD115, BV650 anti-CX3CR1, and FITC anti-CCR2 (Table S1). Antibody staining was followed by red blood cell lysis using BD FACSTM Lysing solution (BD Bioscience, San Jose, CA, USA). Flow cytometry data were collected on Aurora full spectrum cytometry (Cytek, Tulsa, OK, USA) with a four-laser configuration. The data were further analyzed using FlowJo software (FlowJo, Ashland, OR, USA).




2.3. Histology


Mouse colon tissue “Swiss-rolls” were fixed in 4% paraformaldehyde for 4 h on ice, then processed with stepwise washings to the final step with 70% ethanol. The fixed tissue samples were dehydrated and embedded in paraffin according to standard histological procedures [36]. The tissue sections were then mounted on glass slides. Subsequently, after dewaxing and rehydration, the slides were stained with hematoxylin and eosin. The histological images were obtained using a Leica Aperio CS2 scanner with the software eSlideManager (Leica Biosystems, Vista, CA, USA). Histomorphological scoring of intestinal inflammation and the lesion was performed according to guidelines described by Erben et al. [37].




2.4. Generation of Ghsr Deletion Mutant in RAW264.7 Cells


A RAW264.7 cell line was obtained from ATCC (Manassas, VA, USA) and grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO, USA) and 10 mL/L of penicillin-streptomycin solution (Sigma, St. Louis, MO, USA). The cells were maintained at 37 °C in a humidified cell culture incubator with 5% CO2. To generate a Ghsr deletion mutant, an electroporation-based CRISPR/Cas9 gene-editing method was used [38]. The guide RNAs for conducting Ghsr deletion on the mouse genome were designed using an algorithm from Synthego (Redwood City, CA, USA) and synthesized as modified sgRNA (Table S2). Cas9 protein was obtained from Synthego. Electroporation of the RAW264.7 cell line with ribonucleoproteins was performed on a Gene Pulser Xcell (BioRad, Hercules, CA, USA) with BTX buffer (BTX cat# 45-0802) and exponential conditions. Concentrations were as follows: 4 μM Cas9, 4 μM sgRNA. Square-wave conditions were also used for the electroporation of the linearized plasmid. The isolation of single cells from a knockout cell pool was accomplished through limiting dilution and clonal expansion according to Synthego’s protocols, in which the cells from each edited population were diluted to 0.5–1 cells per 100 μL and plated on at least two 96-well plates. For genotyping, primers were designed to amplify the regions encompassing the edited region. The expected band sizes were 740 bp (Wt) or 150–700 bp (CRISPR del) (Table S2; Figure S1). PCR was performed using LongAmp™ Taq Master Mix (New England Biolabs, Ipswich, MA, USA) under a standard PCR condition. The PCR products were purified with a PCR Clean-Up System kit according to the manufacturer’s instructions. Sanger sequencing was performed in a Texas A&M Sequencing Core facility. The entire regions encompassing the guide cleavage sites were amplified to assess for genetic modifications.




2.5. Macrophage Culture and Treatment


For gene expression assay, RAW264.7 parental cells and Ghsr mutants were seeded with a density of 1 × 104 cells/cm2 in six-well culture dishes. After 24 h of culturing and replenishing the RPMI medium, the cells were treated with 1 μg/mL lipopolysaccharide (LPS, Sigma, St. Louis, MO, USA) for 4 h for macrophage activation. In separate experiments, the RAW264.7 parental cells and Ghsr mutants were treated with 100 nM BPA (Sigma, St. Louis, MO, USA) for 4 h. The macrophages were harvested for RNA isolation or preserved in TriZol reagent (Sigma, St. Louis, MO, USA) in a −80 °C freezer.



Mouse PM were isolated from mice according to standard protocols [34]. The PM primary cells were grown in the RPMI medium containing 10 ng/mL recombinant murine macrophage colony stimulating factor (M-CSF) (PeproTech, Cranbury, NJ, USA). The BPA treatment scheme was the same as for RAW264.7 cells.




2.6. Real-Time Quantitative PCR


Total RNA was extracted from tissues or macrophages using Aurum™ Total RNA Mini Kit (BioRad, Hercules, CA, USA). First-strand complementary DNA (cDNA) was synthesized with iScript™ Reverse Transcription Supermix (BioRad, Hercules, CA, USA). Quantitative PCR reactions were set up using SsoAdvanced Universal SYBR®Green Supermix (BioRad, Hercules, CA, USA) and performed on a CFX T100 Thermocycler (BioRad, Hercules, CA, USA). Alternatively, the reactions were set up with PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Foster City, CA, USA) and performed on a LightCycler 480 II (Roche, Indianapolis, IN, USA). The reactions were run with a thermo-cycling program: UDG activation for 120 s at 50 °C (for PowerUp Mix only), activation for 120 s at 95 °C, followed by 40 cycles of denaturing 15 s at 95 °C and annealing/extension for 30 s at 60 °C. The qPCR primers sequences are listed in Supplementary Table S2.




2.7. Statistical Analysis


Statistical analyses were performed using ANOVA (GraphPad Software, San Diego, CA, USA) for determining the quantitative variables between the means of multiple groups and using the Student’s t-test for determining the two-tailed distribution and variation. Data are presented as the mean ± standard error of the mean. A p-value of <0.05 was considered statistically significant.





3. Results


3.1. BPA Induces Inflammatory Responses in Colonic Mucosa of Mice


In this study, we examined the BPA effect on intestinal inflammation in a 10-day exposure schedule (Figure 1A). To minimize the influence from diet phytoestrogen and the background BPA contamination, the mice were pre-conditioned with a soy-free diet and nanopure drinking water. BPA was provided in a corn oil formulation for gavage, dosed at 100 μg/kg BW at alternative days, which is higher than the Environmental Protection Agency (EPA) established guideline for human safety reference dose (50 μg/kg BW/day) but lower than the EPA’s no observed adverse effect level (NOAEL, 5 mg/kg BW/day) and the lowest observed adverse effect level (LOAEL, 50 mg/kg BW/day) [39]. We found that consecutive exposure with 100 μg BPA/kg BW in mice for 10 days resulted in an average 4.9% decrease in body weight (Figure 1B). Colon length showed a trend of decrease but colon weight to length ratio did not change (Figure 1C). A histological analysis of mouse intestine tissues showed focal inflammation with increased immune cell infiltration in colon mucosa in the BPA-treated group (Figure 1D).



Using qPCR analysis, we found that 10 days of consecutive exposure to BPA stimulated the expression of pro-inflammatory cytokine and chemokine genes, such as interleukin 6 (Il6) and C-C motif chemokine ligand 2 (Ccl2), in mouse colon mucosa (Figure 2A). As a matter of the fact, we found a more pronounced elevation of Il6 and Ccl2 gene expression in the colon mucosa 12 h after BPA treatment, suggesting that the pro-inflammatory effect of BPA was rapid and potentially sustainable when chronically exposed to BPA.



To assess whether GHSR signaling plays a role in regulation of the BPA-induced inflammatory response, we analyzed the Ghsr expression in the colon mucosa. Results showed a trend of Ghsr expression elevation in colon mucosa in both chronic and acute BPA exposure (Figure 2A,B), which was concurrent with increased pro-inflammatory cytokine and chemokine gene expression in the mouse colon mucosa.




3.2. BPA Exposure Induces Systemic Activation of Monocytes and Macrophages


Monocytes and macrophages are among the first responders in the body to defend against invasive microbial and environmental insults. To determine how the monocytes/macrophages responded to BPA, we isolated the leukocytes from the BPA-exposed mouse blood and analyzed the peripheral blood mononuclear cells (PBMC) by flow cytometry. We found that the monocytes were increased in the blood samples of the BPA-treated mice, while neutrophils remained unchanged (Figure 3A,B). Importantly, the pro-inflammatory monocytes with cell surface marker Ly6Chigh were significantly increased in the PBMC population, while the Ly6Cinter monocytes and the patrolling anti-inflammatory Ly6Clow monocytes were unchanged or showed a decreasing trend under BPA treatment (Figure 3C).



Moreover, we examined the BPA effect on peritoneal macrophages (PM) by flow cytometry. PM can be separated into large PM (LPM) and small PM (SPM), according to cell surface markers F4/80 and major histocompatibility complex (MHC). LPM and SPM are derived, respectively, from embryonic precursors and adult bone marrow-derived monocytes with functions of patrolling and defense against pathogens in the peritoneal cavity [40]. In our study, BPA did not change the relative abundance of LPM nor SPM. Instead, the BPA exposure increased pro-inflammatory TNFα+ and CCL2+ subpopulations in both LPM and SPM (Figure 4A,B). These results indicate that BPA has a systemic effect on myeloid cells to induce the functional polarization of monocytes and macrophages.



We further defined the direct effect of BPA by treating PM with BPA ex vivo and analyzed the gene expression of PM by qPCR analysis. Results showed that BPA markedly induced Ghsr expression (Figure 5A). At the same time, BPA stimulated the expression of pro-inflammatory cytokines Il1b and Il6 as well as chemokines Ccl2 and Ccl20 in PM (Figure 5B). These results were similar to what we observed in mouse colon mucosa gene expression analysis (Figure 2), with both Ghsr expression and pro-inflammatory cytokine gene expression being up-regulated by BPA, suggesting that GHSR may be directly involved in the BPA-induced pro-inflammatory response in macrophages.




3.3. Ghsr Is Required for Pro-Inflammatory Activation of Macrophages


To further define the function of Ghsr in BPA-induced macrophage programming, we generated Ghsr deletion mutants in murine macrophage cell line RAW264.7 by Cas9 and guide RNA-mediated gene editing (Figure S1). We isolated three Ghsr mutant clones: A8, B5 and E4. Clones A8 and B5 have a partially overlapped deletion region in Ghsr exon 2, whereas clone E4 has an independent deletion region in exon 2. All mutants were confirmed by genomic DNA sequencing analysis (Figure S1). In cell culture, we treated RAW264.7 parental cells and mutants with LPS to activate macrophages. Then we examined the differential expression of Ghsr by qPCR analysis using the Ghsr primers to target the specific regions of deletion in mutants (Figure 6A; Table S2). We found that RAW264.7 parental cells (Wt) increased the expression of Ghsr in response to LPS stimulation, but the mutants had no significant response (Figure 6B). Similarly, the mutants had a much lower response to LPS for inducing expressions of pro-inflammatory cytokine Il6 and chemokines Ccl2 and Ccl20 (Figure 6C). The results indicate that Ghsr mutants have a functional defect in modulating macrophage activation.



Following up the mutant characterization, we assessed the BPA response in RAW264.7 parental cells and mutants. We found that Ghsr expression was inducible by BPA stimulation in RAW264.7 parental cells (Figure 7A). However, the BPA-induced Ghsr expression was greatly suppressed in the mutant E4 cells (Figure 7A). We further examined the BPA-induced pro-inflammatory cytokine and chemokine gene expression and found that the BPA exposure stimulated Il1b, Il6, Ccl2, and Ccl20 expression in RAW264.7 parental cells (Figure 7B), which was very similar to our observations in colon mucosa (Figure 2) and PM (Figure 5). Remarkably, the BPA-induced expressions of Ghsr and pro-inflammatory cytokine/chemokine genes were completely suppressed in mutant E4 (Figure 7A,B). We also performed the gene expression assay in Ghsr mutant clone A8 and control cells and found a similar result of the lost response to BPA. To avoid redundancy, we show the results in Figure S2. Our finding suggests that GHSR function is required for BPA-induced pro-inflammatory response in macrophages.





4. Discussion


Our study unveiled an important functional relationship between BPA immunotoxicity and ghrelin receptor GHSR function in macrophages. We found that BPA elicits intestinal inflammation in mice. The BPA effect is associated with an enhanced expression of Ghsr and the expression of pro-inflammatory cytokines/chemokines in colon mucosa and macrophages. BPA also activates innate immunity systemically, showing markedly increased inflammatory subpopulations of PBMC and PM in blood circulation and the peritoneal cavity. Excessive expression of pro-inflammatory cytokines is characteristic of IBD pathology, which can lead to a disbalanced immune homeostasis and worse prognosis of IBD [41]. Cytokine blockage therapy showed promise in human clinical trials [42] but still largely unmet the need for effective and safe therapeutics of IBD.



We know that BPA is merely one of the representative chemicals in the bisphenol family. Other analogs such as bisphenol S and bisphenol F are used to substitute BPA in manufacture, but they still have similar endocrine disruptor activity [43,44], immunomodulatory effects [45], and the toxicity to cause intestinal inflammation and transcriptomic changes [46,47]. However, the precise molecular mechanism of BPA-like immunotoxicity is still largely ambiguous. In this study, we demonstrated that nutrient-sensing ghrelin receptor GHSR signaling is involved in modulating the BPA effect in macrophages, which provides the possibility of exploring the use of GHSR synthetic antagonists for mitigating the BPA’s and analogs’ detrimental effects in animals and humans.



Previous research has identified certain molecular targets of BPA as being in the estrogen receptors family. Estrogen receptors ERα and ERβ have an affinity to BPA, but the affinity is much lower than estradiol [48,49]. Compared to the binding of ERα, BPA has a relatively high affinity to a membrane-type estrogen receptor, known as G protein-coupled estrogen receptor 1 (GPER1) or G protein-coupled receptor 30 (GPR30) [50]. GPER1 has broad functions in health and disease, including a role in IBD pathophysiology [51]. It has been reported that GPER1 expresses in human monocytes [52]. To investigate GPER1 status in our study, we examined Gper1 gene expression in colon mucosa and RAW264.7 macrophage cells. We confirmed that Gper1 mRNA was expressed in mouse colon mucosa (Figure S3A). In RAW264.7 cells, we also confirmed the Gper1 expression in both Ghsr wild-type and mutant E4 cells (Figure S3B). Therefore, the BPA-induced inflammatory phenotype is likely modulated through GPER1 and GHSR pathway crosstalk.



To recapitulate, the most important finding in our study is that BPA stimulates Ghsr expression in macrophages and promotes pro-inflammatory macrophage polarization. It seems that GHSR activity is wired for pro-inflammatory programming in macrophages. We know that GHSR has a high constitutive activity [27], which is associated with Gαq/11 protein-coupled inositol phosphate signaling through phospholipase C to mobilize intracellular Ca2+ [28]. The elevated calcium signaling leads to the phosphorylation of CREB and in turn the activation of Il6 and other effector gene transcriptions [53,54]. Therefore, when Ghsr expression increases under BPA stimulation, the GHSR—Gαq/11 pathway has a higher activity and results in pro-inflammatory phenotypes. This is supported by several lines of evidence in our study. First, the BPA-induced Ghsr expression and intestinal inflammation were closely concurrent with an increased expression of Il6 and Ccl2 genes in colon mucosa (Figure 2). Second, BPA exposure elevated inflammatory markers TNFα+ and CCL2+ in PM subpopulations (Figure 4) and also enhanced expression of Ghsr, Il6 and Ccl2 genes in PM (Figure 5). Third, in the murine macrophage RAW264.7 cell model, when comparing the cells with wild-type Ghsr and mutants, the LPS-induced inflammatory effect was drastically suppressed by a loss of Ghsr function (Figure 6). Similarly, the BPA-induced expressions of pro-inflammatory cytokines/chemokines Il1b, Il6, Ccl2, and Ccl20 were clearly abolished in the E4 mutant (Figure 7), suggesting that GHSR is required for a signaling cascade or regulatory pathway that links BPA to downstream effector gene transcription. Our findings warrant further investigation of BPA and GHSR functional mechanisms that may be involved in G protein-coupled receptor heterodimerization or signaling pathway crosstalk in macrophages.




5. Conclusions


Our study showed that BPA exposure promotes mouse intestinal inflammation, in part by activating monocytes and macrophages. The BPA effect induces the expression of ghrelin receptor gene Ghsr in macrophages. We demonstrated that the expression of Ghsr facilitates the BPA-induced pro-inflammatory response. Furthermore, we generated Ghsr deletion mutants and conducted functional assays and confirmed that GHSR is required for BPA-induced immunotoxicity in macrophages. Our findings suggest that nutrient-sensing GHSR signaling plays an important role in the modulation of macrophage activity and intestinal inflammation, which may serve as an immune modulator target for combating environmental toxin effects in animals and humans.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes14071455/s1, Table S1: Antibodies used in analysis of mouse PBMC and PM; Table S2: Oligonucleotides used in mouse gene editing, genotyping and qPCR assays. Figure S1: Identification of RAW264.7 Ghsr deletion mutants; Figure S2: BPA-induced macrophages activation was suppressed in Ghsr mutant clone A8; Figure S3: Expression of Gper1 in mouse colonic mucosa and murine macrophage RAW264.7.





Author Contributions


Conceptualization, X.Y. and Y.S.; methodology, X.Y.; data collection, Z.L., X.Y., H.W.H., J.Y.N., Z.S., D.M.K., H.W., H.G., J.B., A.G. and B.M.; writing—original draft preparation, X.Y.; writing—review and editing, X.Y. and Y.S.; funding acquisition, Y.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by NIH/NIDDK R01DK118334, NIH/NIA R01AG064869, BrightFocus Foundation Grant A2019630S, and the USDA Hatch project 7001445 and Multistate project NE1939 (Y.S.). This work was also supported in part by NIH/NIEHS P30 ES029067 and Texas A&M Institute for Advancing Health Through Agriculture (IHA).




Institutional Review Board Statement


Approval for the study was obtained from the Institutional Review Board for the animal use protocol IACUC 2022-0180 by the Institutional Animal Care and Use Committee at Texas A&M University.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the relevant data have been provided in the manuscript, and any supplementary datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


The authors extended their appreciation to Bryan Liu for his assistance of proofreading this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kaplan, G.G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720–727. [Google Scholar] [CrossRef] [PubMed]

	



Molodecky, N.A.; Soon, I.S.; Rabi, D.M.; Ghali, W.A.; Ferris, M.; Chernoff, G.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Barkema, H.W.; et al. Increasing incidence and prevalence of the inflammatory bowel diseases with time, based on systematic review. Gastroenterology 2012, 142, 46–54.e42, quiz e30. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.H.; Achkar, J.P. Gene-environment interactions in inflammatory bowel disease pathogenesis. Curr. Opin. Gastroenterol. 2015, 31, 277–282. [Google Scholar] [CrossRef] [PubMed]

	



Ho, S.M.; Lewis, J.D.; Mayer, E.A.; Plevy, S.E.; Chuang, E.; Rappaport, S.M.; Croitoru, K.; Korzenik, J.R.; Krischer, J.; Hyams, J.S.; et al. Challenges in IBD Research: Environmental Triggers. Inflamm. Bowel Dis. 2019, 25, S13–S23. [Google Scholar] [CrossRef]

	



Chu, H.; Khosravi, A.; Kusumawardhani, I.P.; Kwon, A.H.; Vasconcelos, A.C.; Cunha, L.D.; Mayer, A.E.; Shen, Y.; Wu, W.L.; Kambal, A.; et al. Gene-microbiota interactions contribute to the pathogenesis of inflammatory bowel disease. Science 2016, 352, 1116–1120. [Google Scholar] [CrossRef]

	



Calafat, A.M.; Ye, X.; Wong, L.Y.; Reidy, J.A.; Needham, L.L. Exposure of the U.S. population to bisphenol A and 4-tertiary-octylphenol: 2003–2004. Environ. Health Perspect. 2008, 116, 39–44. [Google Scholar] [CrossRef]

	



Zhang, Z.; Alomirah, H.; Cho, H.S.; Li, Y.F.; Liao, C.; Minh, T.B.; Mohd, M.A.; Nakata, H.; Ren, N.; Kannan, K. Urinary bisphenol A concentrations and their implications for human exposure in several Asian countries. Environ. Sci. Technol. 2011, 45, 7044–7050. [Google Scholar] [CrossRef]

	



Welshons, W.V.; Nagel, S.C.; vom Saal, F.S. Large effects from small exposures. III. Endocrine mechanisms mediating effects of bisphenol A at levels of human exposure. Endocrinology 2006, 147, S56–S69. [Google Scholar] [CrossRef]

	



MacKay, H.; Abizaid, A. A plurality of molecular targets: The receptor ecosystem for bisphenol-A (BPA). Horm. Behav. 2018, 101, 59–67. [Google Scholar] [CrossRef]

	



Linares, R.; Fernández, M.F.; Gutiérrez, A.; García-Villalba, R.; Suárez, B.; Zapater, P.; Martínez-Blázquez, J.A.; Caparrós, E.; Tomás-Barberán, F.A.; Francés, R. Endocrine disruption in Crohn’s disease: Bisphenol A enhances systemic inflammatory response in patients with gut barrier translocation of dysbiotic microbiota products. FASEB J. 2021, 35, e21697. [Google Scholar] [CrossRef]

	



Chen, X.; Wang, S.; Mao, X.; Xiang, X.; Ye, S.; Chen, J.; Zhu, A.; Meng, Y.; Yang, X.; Peng, S.; et al. Adverse health effects of emerging contaminants on inflammatory bowel disease. Front. Public Health 2023, 11, 1140786. [Google Scholar] [CrossRef]

	



Lang, I.A.; Galloway, T.S.; Scarlett, A.; Henley, W.E.; Depledge, M.; Wallace, R.B.; Melzer, D. Association of urinary bisphenol A concentration with medical disorders and laboratory abnormalities in adults. JAMA 2008, 300, 1303–1310. [Google Scholar] [CrossRef] [PubMed]

	



Trasande, L.; Attina, T.M.; Blustein, J. Association between urinary bisphenol A concentration and obesity prevalence in children and adolescents. JAMA 2012, 308, 1113–1121. [Google Scholar] [CrossRef]

	



Song, Y.; Chou, E.L.; Baecker, A.; You, N.C.; Song, Y.; Sun, Q.; Liu, S. Endocrine-disrupting chemicals, risk of type 2 diabetes, and diabetes-related metabolic traits: A systematic review and meta-analysis. J. Diabetes 2016, 8, 516–532. [Google Scholar] [CrossRef] [PubMed]

	



Alonso-Magdalena, P.; Morimoto, S.; Ripoll, C.; Fuentes, E.; Nadal, A. The estrogenic effect of bisphenol A disrupts pancreatic beta-cell function in vivo and induces insulin resistance. Environ. Health Perspect. 2006, 114, 106–112. [Google Scholar] [CrossRef] [PubMed]

	



DeLuca, J.A.; Allred, K.F.; Menon, R.; Riordan, R.; Weeks, B.R.; Jayaraman, A.; Allred, C.D. Bisphenol-A alters microbiota metabolites derived from aromatic amino acids and worsens disease activity during colitis. Exp. Biol. Med. 2018, 243, 864–875. [Google Scholar] [CrossRef] [PubMed]

	



Malaise, Y.; Lencina, C.; Placide, F.; Bacquie, V.; Cartier, C.; Olier, M.; Buettner, M.; Wallbrecht, M.; Menard, S.; Guzylack-Piriou, L. Oral exposure to bisphenols induced food intolerance and colitis in vivo by modulating immune response in adult mice. Food Chem. Toxicol. 2020, 146, 111773. [Google Scholar] [CrossRef]

	



Zhu, M.; Wei, R.; Li, Y.; Li, J.; Dong, M.; Chen, X.; Lv, L.; Qin, Z. Bisphenol chemicals disturb intestinal homeostasis via Notch/Wnt signaling and induce mucosal barrier dysregulation and inflammation. Sci. Total Environ. 2022, 828, 154444. [Google Scholar] [CrossRef]

	



Yin, F.; Huang, X.; Lin, X.; Chan, T.F.; Lai, K.P.; Li, R. Analyzing the synergistic adverse effects of BPA and its substitute, BHPF, on ulcerative colitis through comparative metabolomics. Chemosphere 2022, 287, 132160. [Google Scholar] [CrossRef]

	



Jones, G.R.; Bain, C.C.; Fenton, T.M.; Kelly, A.; Brown, S.L.; Ivens, A.C.; Travis, M.A.; Cook, P.C.; MacDonald, A.S. Dynamics of Colon Monocyte and Macrophage Activation During Colitis. Front. Immunol. 2018, 9, 2764. [Google Scholar] [CrossRef]

	



Na, Y.R.; Stakenborg, M.; Seok, S.H.; Matteoli, G. Macrophages in intestinal inflammation and resolution: A potential therapeutic target in IBD. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 531–543. [Google Scholar] [CrossRef] [PubMed]

	



Zigmond, E.; Varol, C.; Farache, J.; Elmaliah, E.; Satpathy, A.T.; Friedlander, G.; Mack, M.; Shpigel, N.; Boneca, I.G.; Murphy, K.M.; et al. Ly6C hi monocytes in the inflamed colon give rise to proinflammatory effector cells and migratory antigen-presenting cells. Immunity 2012, 37, 1076–1090. [Google Scholar] [CrossRef] [PubMed]

	



Kamada, N.; Hisamatsu, T.; Okamoto, S.; Chinen, H.; Kobayashi, T.; Sato, T.; Sakuraba, A.; Kitazume, M.T.; Sugita, A.; Koganei, K.; et al. Unique CD14 intestinal macrophages contribute to the pathogenesis of Crohn disease via IL-23/IFN-gamma axis. J. Clin. Invest. 2008, 118, 2269–2280. [Google Scholar] [CrossRef] [PubMed]

	



Panchanathan, R.; Liu, H.; Leung, Y.K.; Ho, S.M.; Choubey, D. Bisphenol A (BPA) stimulates the interferon signaling and activates the inflammasome activity in myeloid cells. Mol. Cell Endocrinol. 2015, 415, 45–55. [Google Scholar] [CrossRef] [PubMed]

	



Lu, X.; Li, M.; Wu, C.; Zhou, C.; Zhang, J.; Zhu, Q.; Shen, T. Bisphenol A promotes macrophage proinflammatory subtype polarization via upregulation of IRF5 expression in vitro. Toxicol. In Vitro 2019, 60, 97–106. [Google Scholar] [CrossRef]

	



Camarca, A.; Gianfrani, C.; Ariemma, F.; Cimmino, I.; Bruzzese, D.; Scerbo, R.; Picascia, S.; D’Esposito, V.; Beguinot, F.; Formisano, P.; et al. Human Peripheral Blood Mononuclear Cell Function and Dendritic Cell Differentiation Are Affected by Bisphenol-A Exposure. PLoS ONE 2016, 11, e0161122. [Google Scholar] [CrossRef]

	



Damian, M.; Marie, J.; Leyris, J.P.; Fehrentz, J.A.; Verdie, P.; Martinez, J.; Baneres, J.L.; Mary, S. High constitutive activity is an intrinsic feature of ghrelin receptor protein: A study with a functional monomeric GHS-R1a receptor reconstituted in lipid discs. J. Biol. Chem. 2012, 287, 3630–3641. [Google Scholar] [CrossRef]

	



Mear, Y.; Enjalbert, A.; Thirion, S. GHS-R1a constitutive activity and its physiological relevance. Front. Neurosci. 2013, 7, 87. [Google Scholar] [CrossRef]

	



Lin, L.; Lee, J.H.; Buras, E.D.; Yu, K.; Wang, R.; Smith, C.W.; Wu, H.; Sheikh-Hamad, D.; Sun, Y. Ghrelin receptor regulates adipose tissue inflammation in aging. Aging 2016, 8, 178–191. [Google Scholar] [CrossRef]

	



Waseem, T.; Duxbury, M.; Ito, H.; Ashley, S.W.; Robinson, M.K. Exogenous ghrelin modulates release of pro-inflammatory and anti-inflammatory cytokines in LPS-stimulated macrophages through distinct signaling pathways. Surgery 2008, 143, 334–342. [Google Scholar] [CrossRef]

	



Dixit, V.D.; Yang, H.; Sun, Y.; Weeraratna, A.T.; Youm, Y.H.; Smith, R.G.; Taub, D.D. Ghrelin promotes thymopoiesis during aging. J. Clin. Invest. 2007, 117, 2778–2790. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, N.; Saito, T.; Yagyu, T.; Jiang, B.H.; Kitagawa, K.; Inagaki, C. GH, GH receptor, GH secretagogue receptor, and ghrelin expression in human T cells, B cells, and neutrophils. J. Clin. Endocrinol. Metab. 2001, 86, 4284–4291. [Google Scholar] [CrossRef]

	



Noh, J.Y.; Herrera, M.; Patil, B.S.; Tan, X.D.; Wright, G.A.; Sun, Y. The expression and function of growth hormone secretagogue receptor in immune cells: A current perspective. Exp. Biol. Med. 2022, 247, 2184–2191. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Goncalves, R.; Mosser, D.M. The isolation and characterization of murine macrophages. Curr. Protoc. Immunol. 2008, 83, 14. [Google Scholar] [CrossRef]

	



Fuss, I.J.; Kanof, M.E.; Smith, P.D.; Zola, H. Isolation of whole mononuclear cells from peripheral blood and cord blood. Curr. Protoc. Immunol. 2009, 85, 7. [Google Scholar] [CrossRef] [PubMed]

	



Moolenbeek, C.; Ruitenberg, E.J. The “Swiss roll”: A simple technique for histological studies of the rodent intestine. Lab. Anim. 1981, 15, 57–59. [Google Scholar] [CrossRef]

	



Erben, U.; Loddenkemper, C.; Doerfel, K.; Spieckermann, S.; Haller, D.; Heimesaat, M.M.; Zeitz, M.; Siegmund, B.; Kuhl, A.A. A guide to histomorphological evaluation of intestinal inflammation in mouse models. Int. J. Clin. Exp. Pathol. 2014, 7, 4557–4576. [Google Scholar]

	



Laustsen, A.; Bak, R.O. Electroporation-Based CRISPR/Cas9 Gene Editing Using Cas9 Protein and Chemically Modified sgRNAs. Methods Mol. Biol. 2019, 1961, 127–134. [Google Scholar] [CrossRef]

	



U.S. Environmental Protection Agency. Bisphenol A Action Plan (CASRN 80-05-7)—Bisphenol A (BPA) Summary. 2010. Available online: https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/bisphenol-bpa-summary (accessed on 1 March 2023).

	



Cassado Ados, A.; D’Imperio Lima, M.R.; Bortoluci, K.R. Revisiting mouse peritoneal macrophages: Heterogeneity, development, and function. Front. Immunol. 2015, 6, 225. [Google Scholar] [CrossRef]

	



Neurath, M.F. Targeting immune cell circuits and trafficking in inflammatory bowel disease. Nat. Immunol. 2019, 20, 970–979. [Google Scholar] [CrossRef]

	



Yamamoto-Furusho, J.K. Inflammatory bowel disease therapy: Blockade of cytokines and cytokine signaling pathways. Curr. Opin. Gastroenterol. 2018, 34, 187–193. [Google Scholar] [CrossRef] [PubMed]

	



Winkler, J.; Liu, P.; Phong, K.; Hinrichs, J.H.; Ataii, N.; Williams, K.; Hadler-Olsen, E.; Samson, S.; Gartner, Z.J.; Fisher, S.; et al. Bisphenol A replacement chemicals, BPF and BPS, induce protumorigenic changes in human mammary gland organoid morphology and proteome. Proc. Natl. Acad. Sci. USA 2022, 119, e2115308119. [Google Scholar] [CrossRef] [PubMed]

	



Eladak, S.; Grisin, T.; Moison, D.; Guerquin, M.J.; N’Tumba-Byn, T.; Pozzi-Gaudin, S.; Benachi, A.; Livera, G.; Rouiller-Fabre, V.; Habert, R. A new chapter in the bisphenol A story: Bisphenol S and bisphenol F are not safe alternatives to this compound. Fertil. Steril. 2015, 103, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Kodila, A.; Franko, N.; Sollner Dolenc, M. A review on immunomodulatory effects of BPA analogues. Arch. Toxicol. 2023, 97, 1831–1846. [Google Scholar] [CrossRef] [PubMed]

	



Ao, J.; Liu, Y.; Tang, W.; Zhang, J. Bisphenol S exposure induces intestinal inflammation: An integrated metabolomic and transcriptomic study. Chemosphere 2022, 292, 133510. [Google Scholar] [CrossRef]

	



Liu, Y.; Tang, W.; Ao, J.; Zhang, J.; Feng, L. Transcriptomics integrated with metabolomics reveals the effect of Bisphenol F (BPF) exposure on intestinal inflammation. Sci. Total. Environ. 2022, 816, 151644. [Google Scholar] [CrossRef]

	



Gould, J.C.; Leonard, L.S.; Maness, S.C.; Wagner, B.L.; Conner, K.; Zacharewski, T.; Safe, S.; McDonnell, D.P.; Gaido, K.W. Bisphenol A interacts with the estrogen receptor alpha in a distinct manner from estradiol. Mol. Cell. Endocrinol. 1998, 142, 203–214. [Google Scholar] [CrossRef]

	



Kuiper, G.G.; Lemmen, J.G.; Carlsson, B.; Corton, J.C.; Safe, S.H.; van der Saag, P.T.; van der Burg, B.; Gustafsson, J.A. Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor beta. Endocrinology 1998, 139, 4252–4263. [Google Scholar] [CrossRef]

	



Thomas, P.; Dong, J. Binding and activation of the seven-transmembrane estrogen receptor GPR30 by environmental estrogens: A potential novel mechanism of endocrine disruption. J. Steroid Biochem. Mol. Biol. 2006, 102, 175–179. [Google Scholar] [CrossRef]

	



Jacenik, D.; Krajewska, W.M. Significance of G Protein-Coupled Estrogen Receptor in the Pathophysiology of Irritable Bowel Syndrome, Inflammatory Bowel Diseases and Colorectal Cancer. Front. Endocrinol. 2020, 11, 390. [Google Scholar] [CrossRef]

	



Pelekanou, V.; Kampa, M.; Kiagiadaki, F.; Deli, A.; Theodoropoulos, P.; Agrogiannis, G.; Patsouris, E.; Tsapis, A.; Castanas, E.; Notas, G. Estrogen anti-inflammatory activity on human monocytes is mediated through cross-talk between estrogen receptor ERalpha36 and GPR30/GPER1. J. Leukoc. Biol. 2016, 99, 333–347. [Google Scholar] [CrossRef] [PubMed]

	



Wen, A.Y.; Sakamoto, K.M.; Miller, L.S. The role of the transcription factor CREB in immune function. J. Immunol. 2010, 185, 6413–6419. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, R.P.; Guthrie, C.R.; Wailes, L.M.; Zhao, X.; Means, A.R.; McKnight, G.S. Calcium/calmodulin-dependent protein kinase types II and IV differentially regulate CREB-dependent gene expression. Mol. Cell. Biol. 1994, 14, 6107–6116. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 14 01455 g001 550] 





Figure 1. BPA elicits the inflammatory response in mouse colon mucosa. (A) Mice were exposed to 100 μg BPA/kg body weight by gavage on alternate days for 10 days. (B) BPA exposure led to a reduction in body weight. (C) BPA seemed to have a certain effect on colon structure. (D) Histo-morphological analysis of mouse colon mucosa showed increased focal inflammation (images shown at middle and right; control at left). The arrows indicate inflammatory cell infiltration in mucosal and submucosal. Mouse group n = 5–9. Data are reported as mean ± SEM. *: p < 0.05. 
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Figure 2. BPA exposure stimulates pro-inflammatory cytokine gene expression and GHSR expression in mouse colon mucosa. (A) Long treatment: Mice were exposed to BPA for 10 days by gavage of 100 μg BPA/kg BW on alternative days. Gene expression in the mouse colon mucosa was analyzed by qPCR assays, which showed an increased expression of Il6 and Ccl2 as well as increased expression of Ghsr. (B) Short treatment: Analysis of colon mucosal gene expression from mice were given 100 μg BPA/kg body weight for one time and sacrificed 12 h later showed an increased expression of Il6, Ccl2, and Ghsr. Mouse group n = 4–5. Data are reported as mean ± SEM. *: p < 0.05; **: p < 0.01. 
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Figure 3. BPA exposure activates mouse peripheral blood mononuclear cells. PBMC samples were isolated from the mice exposed to one time 100 μg BPA/kg body weight, and BPMC was collected 12 h after BPA retreatment. (A) Flow cytometry analysis showed that the BPA exposure did not affect neutrophil abundance in blood circulation. (B) BPA elevated the total count of monocytes. (C) Ly6Chigh pro-inflammatory monocytes were increased in response to BPA treatment, while Ly6Cinter patrolling monocytes and Ly6Clow tissue repair competent monocytes were not changed significantly. Mouse group n = 5. Data are reported as mean ± SEM. *: p < 0.05; **: p < 0.01. 
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Figure 4. BPA enhanced pro-inflammatory marker expression in mouse peritoneal macrophages (PM). PM samples were isolated from the mice 12 h after gavages of 100 μg BPA/kg BW and analyzed by flow cytometry. (A) The BPA exposure did not affect total large PM (LPM) but increased the relative abundance of pro-inflammatory TNFα+ and CCL2+ LPM subpopulations. (B) Similarly, BPA increased TNFα+ and CCL2+ in small PM (SPM). Mouse group n = 3. Data are reported as mean ± SEM. *: p < 0.05. 
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Figure 5. BPA stimulates Ghsr and pro-inflammatory cytokine and chemokine gene expression in peritoneal macrophages (PM). PM samples were harvested from the mice without pre-exposure to BPA. The PM cells were cultured overnight and then treated with 100 nM BPA for 4 h. (A) qPCR analysis showed that BPA induced Ghsr expression in PM. (B) BPA also elevates the expression of pro-inflammatory cytokine and chemokine genes, including Il1b, Il6, Ccl2, and Ccl20 in PM. Data are reported as mean ± SEM. *: p < 0.05. 
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Figure 6. Characterization of RAW264.7 Ghsr deletion mutants. (A) Wild-type and mutant Ghsr genomic structural scheme and qPCR priming sites. (B) RAW264.7 cells with wild-type or mutant Ghsr were treated with 1 μg/mL LPS for 4 h to induce pro-inflammatory response. LPS stimulation induced Ghsr expression in wild-type cells but not in A8, B5 and E4 mutant cells. (C) The LPS-induced expressions of pro-inflammatory cytokines and chemokines were drastically reduced in Ghsr mutants. Data are reported as mean ± SEM. *: p < 0.05. 
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Figure 7. Ghsr deletion mutation suppresses the BPA-induced macrophages activation. (A) Gene expression analysis showed that BPA induced Ghsr gene expression in RAW264.7 parental cells (Wt), but the induction of Ghsr expression was suppressed in mutant E4. (B) The BPA-induced expressions of pro-inflammatory cytokines Il1b and Il6 and chemokine Ccl2 and Ccl20 were blunted by Ghsr mutation in mutant E4 cells. Data are reported as mean ± SEM. *: p < 0.05. 
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