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Abstract

:

Because both endotoxemia and gut dysbiosis post-splenectomy might be associated with systemic infection, the susceptibility against infection was tested by dextran sulfate solution (DSS)-induced colitis and lipopolysaccharide (LPS) injection models in splenectomy mice with macrophage experiments. Here, splenectomy induced a gut barrier defect (FITC-dextran assay, endotoxemia, bacteria in mesenteric lymph nodes, and the loss of enterocyte tight junction) and gut dysbiosis (increased Proteobacteria by fecal microbiome analysis) without systemic inflammation (serum IL-6). In parallel, DSS induced more severe mucositis in splenectomy mice than sham-DSS mice, as indicated by mortality, stool consistency, gut barrier defect, serum cytokines, and blood bacterial burdens. The presence of green fluorescent-producing (GFP) E. coli in the spleen of sham-DSS mice after an oral gavage supported a crucial role of the spleen in the control of bacteria from gut translocation. Additionally, LPS administration in splenectomy mice induced lower serum cytokines (TNF-α and IL-6) than LPS-administered sham mice, perhaps due to LPS tolerance from pre-existing post-splenectomy endotoxemia. In macrophages, LPS tolerance (sequential LPS stimulation) demonstrated lower cell activities than the single LPS stimulation, as indicated by the reduction in supernatant cytokines, pro-inflammatory genes (iNOS and IL-1β), cell energy status (extracellular flux analysis), and enzymes of the glycolysis pathway (proteomic analysis). In conclusion, a gut barrier defect after splenectomy was vulnerable to enterocyte injury (such as DSS), which caused severe bacteremia due to defects in microbial control (asplenia) and endotoxemia-induced LPS tolerance. Hence, gut dysbiosis and gut bacterial translocation in patients with a splenectomy might be associated with systemic infection, and gut-barrier monitoring or intestinal tight-junction strengthening may be useful.
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1. Introduction


As the largest lymphatic organ, the spleen’s functions are filtration of foreign matters from blood, antibody production, and bacteria control [1]. Removal of the spleen (splenectomy), mostly due to blunt splenic injury [2], hypersplenism [3,4], and functional hyposplenism [5,6,7] in some conditions (coeliac disease, inflammatory bowel disease, and sickle cell anemia) [8] can lead to several bacterial infections, including Klebsiella pneumoniae, Hemophilus influenzae, and Pseudomonas aeruginosa [5,6,7]. Although these bacteria could be found in the environment, they are encapsulated Gram-negative bacteria that could be found in the intestine [9]. In addition, the detection of lipopolysaccharides (LPS) (a major component of Gram-negative bacterial cell walls) in serum (endotoxemia) in splenectomy patients from abdominal trauma [10] and thalassemia [11] and the association between splenic denervation and LPS responses [12,13,14] are also reported. These data indicate a possible spleen–gut correlation, despite the limited direct exploration of the intestinal epithelium after splenectomy. Our objective was to demonstrate and explore the clinical impact of an intestinal barrier defect post-splenectomy that might facilitate spontaneous systemic infection.



As such, epithelial tight junctions hold enterocytes together, forming the first phase of the intrinsic mucosal defense system as a selective physical barrier between the host and gut contents [15]. Increased gut permeability (gut barrier defect or leaky gut) causes augmentation on the translocation of viable pathogens, referred to as “gut translocation or gut bacterial translocation”, or pathogen molecules, including LPS, through the gut wall into blood circulation [16,17]. Intestinal inflammation or severe systemic inflammation can cause leaky gut through the direct damage on tight junctions (such as hypoxia and inflammatory cells) and/or indirect injuries from enhanced intestinal pathogenic organisms (gut dysbiosis) [18,19]. Beneficial bacteria in the gut are important for normal gut integrity due to several factors, including (i) the production of short-chain fatty acids (an energy source of enterocytes) by intestinal fermentation of indigestible foods [20] and (ii) the regulation of pathogenic bacteria, partly through competition for nutrients [21]. As a result, gut dysbiosis can lead to a gut barrier defect [15]. Subsequently, the significant breach of the gut barrier can exacerbate or cause the translocation of pathogen molecules from the gut into blood circulation that facilitates immune responses against these molecules, including LPS, causing more severe systemic inflammation [22,23]. Among immune cells, macrophages are responsible for the LPS responses due to several pattern recognition receptors, especially toll-like receptor 4 (TLR-4), on the cell surface [24], which might be responsible for characteristics of endotoxemia in mice. Despite severe sepsis from hyper-cytokine production after a single LPS stimulation on macrophages, the repeated LPS stimulation, perhaps from chronic endotoxemia, might induce less pro-inflammatory cytokines referred to as “LPS tolerance”, leading to insufficient cytokines for organismal control (chemotaxis and enhanced cell activities) [25] that might be found during sepsis immune exhaustion (the post-sepsis condition that is susceptible to secondary infections due to inadequate responses against pathogens) [26,27].



Although a gut barrier defect after splenectomy is not severe enough to cause gastrointestinal symptoms (such as diarrhea), the pre-existing intestinal injury might make it more susceptible to additional insults, similar to several two-hit injury models [22,23]. To test this hypothesis, dextran sulfate solution (DSS), which induces direct damages on enterocytes [11], was administered in splenectomy mice and sham mice. Likewise, a chronic inflammatory state after splenectomy might be associated with more severe systemic infection due to the exhaustion to LPS stimulation (LPS tolerance) [25]. Then, the immune responses against LPS (single and sequential doses) were also tested in these mice with several experiments on macrophage LPS tolerance. Hence, tests on gut-barrier function and fecal dysbiosis in splenectomy mice with or without DSS-induced mucositis and LPS administration models with the in vitro experiments on macrophages were conducted.




2. Results


2.1. Splenectomy-Induced Gut Barrier Defect


The splenectomy-induced gut barrier defect was indicated by FITC-dextran (4.4 kDa) assay, endotoxemia from gut translocation, and positive bacterial culture in the mesenteric lymph nodes at 14 days post-splenectomy (Figure 1A–C). However, leaky gut was not severe enough to detect blood bacteria (non-bacteremia) (data not shown). In comparison with the sham, there was a lower fluorescent intensity of intestinal tight-junction molecules (occludin and ZO-1) (at 14 days) and more severe liver damage (alanine transaminase) (at 3 days) in post-splenectomy mice without the difference in serum IL-6 and serum creatinine (a kidney function biomarker) (Figure 1D–H).




2.2. The Enhanced Dextran Sulfate Solution-Induced Mucositis Due to Splenectomy-Induced Gut Barrier Defect


Although the gut barrier defect from splenectomy was not severe enough to demonstrate the clinical significance (diarrhea, serum cytokines, and organ injuries) at 14 days post-splenectomy (Figure 1F–H), the intestinal defect made it more susceptible to the injury by dextran sulfate solution (DSS) that was administered at 14 days post-splenectomy (Figure 2A).



Accordingly, DSS was a cause of mortality only in splenectomy mice, but not in sham mice, and induced more severe diarrhea as indicated by the earlier diarrheal onset (stool consistency index), despite the non-different weight loss (Figure 2B–D). At 7 days post-DSS, the colon histology score (as determined by leukocyte infiltration, enterocyte injury, and ulceration) and gut barrier defect (endotoxemia and FITC-dextran assay) in splenectomy-DSS were more severe than sham-DSS (Figure 2E–G and Figure 3). Leaky gut in splenectomy mice induced higher serum cytokines (TNF-α, IL-6, and IL-10) (Figure 2H–J) and bacteremia (Figure 4A) than sham mice. The identified bacterial colonies were Staphylococcus coagulase negative and Pseudomonas aeruginosa in sham-DSS, while they were identified as pathogenic bacteria (such as Klebsiella pneumoniae and P. aeruginosa) in splenectomy-DSS mice (Figure 4A, the list of bacteria). Because these bacteria in blood might be transferred from the intestine (gut barrier defect), GFP E. coli were orally administered at 6 h before sacrifice in DSS and water mice. Without DSS, the GFP bacteria were demonstrated only in the mesenteric lymph nodes of splenectomy mice (Figure 4B,C) but not in the lymph nodes of sham mice (data not shown). In sham-DSS mice, GFP bacteria were demonstrated in all interested organs (mesenteric lymph nodes, livers, kidneys, and spleens) with the highest abundance in the spleen (Figure 4B,C). In splenectomy-DSS mice, the fluorescent intensities of the GFP bacteria in all organs (except for the spleens) were higher than sham-DSS (most prominent in the livers) (Figure 4B,C).




2.3. Gut Dysbiosis in Splenectomy Mice with and without Dextran Sulfate Solution (DSS)


Fecal microbiome analysis was performed at 3 weeks post-splenectomy (1 week after DSS). In the water control group, splenectomy-induced gut dysbiosis when compared with sham mice as indicated by increased Proteobacteria, especially E. coli and Shigella (pathogenic bacteria), decreased Alistipes (Bacteroides bacteria), and reduced microbial diversity without a difference in total fecal Gram-negative bacteria (Figure 5A–F). After DSS administration, splenectomy induced several differences from sham-DSS mice, as indicated by (i) higher E. coli, Shigella, and Alistipes in the genus-level analysis, despite the lower Proteobacteria (in phylum-level analysis), (ii) higher Verrucomicrobia and Akkermansia, (iii) lower Allobacum and Ruminococcus, and (iv) lower total Gram-negative bacteria and bacterial diversity (Figure 5C–F). Despite the lower total Gram-negative bacteria in the feces of splenectomy-DSS mice compared with sham-DSS mice (Figure 5E), endotoxemia in splenectomy-DSS mice was more severe than sham-DSS mice (Figure 2E).




2.4. Chronic Endotoxemia in Splenectomy Mice Possibly Resulted in the Lower Serum Cytokines in Both Single and Sequential LPS Administration


To test responses against LPS, the injection by a single dose (LPS pro-inflammation) or sequential LPS protocol (LPS/LPS or LPS tolerance) was performed (Figure 6A). Interestingly, splenectomy reduced inflammatory cytokines (TNF-α and IL-6 but not IL-10) at 15 min after LPS administration (Figure 6B–G). Although the development of LPS tolerance (reduction of cytokine responses after the first dose of LPS) was similar between sham and splenectomy mice, levels of the cytokines after LPS/LPS stimulation in splenectomy mice (at 15 and 30 min post-injection) were lower than sham mice (Figure 6B–G). Serum cytokines after a single LPS administration in splenectomy mice were lower than LPS-sham mice (partly from the loss of splenic cytokine production) (Figure 6B–G). In parallel, serum cytokines in splenectomy-DSS mice were higher than sham-DSS (Figure 2J–L) because of the higher burdens of blood bacteria (Figure 4A) that possibly induced cytokine production from other organs.




2.5. Macrophage Endotoxin Tolerance, a Possible Impact from Chronic Endotoxemia in Splenectomy Mice


Chronic endotoxemia in the splenectomy mice (Figure 1A and Figure 2E) might be responsible for inadequate cytokines for infection control leading to profound bacteremia (Figure 4A) and severe DSS-induced sepsis (Figure 2B). Here, the characteristics of LPS tolerance of macrophages, in comparison with a single LPS response, (Figure 7A) were demonstrated through the reduction of supernatant cytokines, downregulated pro-inflammatory genes (iNOS and IL-1β), and upregulated anti-inflammatory genes (Arginase-1 and TGF-β) (Figure 7B–H).



Additionally, LPS tolerance reduced the cell energy status in both mitochondrial and glycolysis stress tests, while the single LPS stimulation enhanced the glycolysis stress test, as indicated by the maximal glycolysis and maximal respiratory capacity when compared with the control group (Figure 7I–L). The proteomic analysis of the LPS tolerance macrophage (sequential LPS stimulation) relative to the single LPS stimulation totally demonstrated 2444 proteins with significantly 565 upregulated and 800 downregulated proteins, respectively. Indeed, LPS tolerance reduced the energy from glycolysis, as indicated by the decreased phosphofructokinase (Pfk; a rate-limiting glycolysis enzyme) but enhanced the glucose utilization by hexokinase (Hk) (Figure 8). Meanwhile, LPS tolerance upregulated several enzymes of the mitochondrial pathway, including pyruvate kinase (Pkm) (Figure 8), possibly to maximize the mitochondrial activity.





3. Discussion


Post-splenectomy leaky gut, dysbiosis, and endotoxemia enhanced the bacteremia of DSS-induced mucositis, implying the impact of the loss of microbial control due to asplenia and macrophage LPS tolerance.



3.1. Splenectomy-Induced Dysbiosis, Gut Barrier Defect, and Gut Trsnslocation


The spleen is vital for microbial control, especially of bloodborne organisms [28]. In healthy persons, transient bacteremia from gut translocation is a possible natural event that occurs on a regular basis with no harmful consequences [29] because of intact spleen functions. Without a spleen, transient bacteremia can develop into a more serious infection [30,31]. In post-splenectomy without DSS, endotoxemia (without bacteremia) might be a consequence of leaky gut, as indicated by the FITC-dextran (4.4 kDa) assay, viable bacteria in mesenteric lymph nodes, and loss of intestinal tight-junction molecules, which was severe enough for the translocation of LPS (50–100 kDa) but not bacteria (higher than 1 × 106 kDa) [15,32]. Although the direct communication between the intestine and the spleen is not clear, splenectomy facilitated gut dysbiosis [10,33] (partly from stress-induced dysbiosis [34]), as indicated by increased pathogenic Proteobacteria (E. coli and Shigella) with decreased bacterial diversity [33,35]. The stress from endotoxemia and gut dysbiosis, referred to as the “gut–brain axis” [34,36,37,38], might subsequently worsen leaky gut [39,40] and further induces a higher level of endotoxemia as a vicious cycle [41,42,43] (Figure 9, in the middle). Although all of the major mechanisms of gut translocation-induced bacteremia, including gut dysbiosis, gut barrier defect, and host immune deficiencies [44], were demonstrated in splenectomy mice, these defects resulted in endotoxemia but were not severe enough to cause bacteremia.




3.2. Post-Splenectomy Bacteremia of Dextran Sulfate-Induced Mucositis Mice, the Loss of Microbial Control from Asplenia, and LPS Tolerance


The spleen’s impact on the control of bacteria from gut translocation was demonstrated by the highest fluorescent intensity of GFP E. coli in the spleens of sham-DSS mice. In splenectomy-DSS, the intensity in all organs was higher than the organs in sham-DSS, indicating the compensation of bacterial dissemination during asplenia. Because of pre-existing splenectomy-induced leaky gut, post-splenectomy mice were more susceptible to DSS-induced mucositis and gut translocation, as bacteremia presented in 20% of the sham-DSS mice (mostly Staphylococcus coagulase negative bacteria) and 80% of splenectomy-DSS mice (mostly encapsulated Klebsiella pneumoniae). In parallel, gut dysbiosis in splenectomy-DSS mice was also more prominent than sham-DSS, as E. coli and Shigella (pathogenic bacteria) and Alistipes (Bacteroides bacteria possibly causing inflammation [48]) were more prominent in splenectomy-DSS mice, despite the higher beneficial bacteria (Verrucomicrobia [49] and Akkermansia [50]) with lower pro-inflammatory bacteria (Allobacum and Ruminococcus [51]). However, minor differences in intestinal dysbiosis between mice with versus without DSS (both sham and splenectomy) suggested that DSS-induced dysbiosis was less important than the direct damage from DSS in causing endotoxemia.



On the other hand, chronic endotoxemia or repeated endotoxin exposure post-splenectomy might induce an LPS tolerance [25,52] that inadequately induces pro-inflammatory cytokines for the proper microbial control [25,52]. In a clinical situation, patients with splenectomy develop limited immune responses to infection, and low-grade fever in these patients is an indication for aggressive investigations with early antibiotic administration [53]. Here, splenectomy mildly reduced serum cytokines in an early phase of single and sequential LPS, supporting the spleen’s impact on (i) systemic cytokine production [54,55,56,57], (ii) a source of cytokines [57,58,59], and (iii) post-splenectomy anti-inflammation [60,61,62]. Notably, post-splenectomy anti-inflammation could be beneficial or harmful toward sepsis, as hyper-inflammation induces sepsis death [27] while inadequate inflammation causes profound bacterial burdens and mortality [25,52]. Hence, we hypothesized that prominent bacteremia in splenectomy-DSS might partly be because of relatively inadequate immune responses against the early phase of bacteremia (Figure 9, the right figure). Meanwhile, the higher serum cytokines in splenectomy-DSS over sham-DSS mice might be due to the higher bacterial burdens in splenectomy-DSS mice.




3.3. LPS Tolerance Macrophage, Possibly Enhanced Bacteremia in Dextran Sulfate-Induced Endotoxemia with Splenectomy


Although the loss of microbial control due to asplenia is extensively mentioned, studies on the possible impact of LPS tolerance (due to chronic endotoxemia post-splenectomy) on organismal control by macrophages [63,64] are still less. As such, LPS tolerance of macrophages induced lower cytokines, upregulated anti-inflammatory genes (Arginase-1 and TGF-β), downregulated pro-inflammatory genes (iNOS and IL-1β), and reduced cell energy status (both mitochondria and glycolysis) when compared with the single LPS stimulation [65,66,67]. With proteomic analysis, LPS tolerance reduced enzymes for glycolysis energy production, a major energy source for macrophage cytokine production [68], as indicated by decreased phosphofructokinase (a rate-limiting enzyme of glycolysis), which was compensated by enhanced glucose utilization by increased hexokinase [69]. Because of the reduced mitochondrial activity by LPS tolerance (extracellular flux analysis), several mitochondrial enzymes (pyruvate kinases) were upregulated, possibly to maximize mitochondrial activity [70]. Because macrophages have pleiotropic functions, including pro- and anti-inflammatory properties [71,72], and interventions for the harnessing of macrophage functions into the proper direction are mentioned [73], post-splenectomy immunoadjuvant and/or gut-barrier monitoring might be beneficial. Precautions for severe infection, treatments for gut dysbiosis, and early antibiotics might be necessary for post-splenectomy individuals with endotoxemia or leaky gut, while immune interventions (enhanced macrophage activities) might be beneficial in these patients with severe infection. More studies are interesting.



In conclusion, post-splenectomy leaky gut was susceptible to superimposed intestinal injury by DSS, which induced more severe endotoxemia and bacteremia (due to loss of splenic microbial control and LPS tolerance), resulting in increased mortality. Hence, gut-barrier monitoring and tight-junction strengthening might be beneficial in patients with splenectomy.





4. Materials and Methods


4.1. Animals and Animal Models


The animal care and use protocol was certified by the Institutional Animal Care and Use Committee of Chulalongkorn University’s Faculty of Medicine in Bangkok, Thailand, in compliance with the U.S. National Institutes of Health criteria. Male 8-week-old C57BL/6 mice (purchased from Nomura Siam International, Pathumwan, Bangkok, Thailand) had free access to water and chow before and after surgery.



4.1.1. Splenectomy and Dextran Sulfate Solution


Splenectomy was performed through a left flank incision, and the splenic pedicles were ligated using 4-0 silk sutures, as previously described [74,75]. In the sham group, a flank incision was made to identify the spleen before closing. Blood samples (50 µL) were collected through tail vein nicking in several time-points. In parallel, dextran sulfate solution (DSS) (Sigma-Aldrich, St. Louis, MO, USA) was diluted into the mouse drinking water at 2 weeks after surgery at a concentration of 3% volume by volume (v/v) for 1 week to induce gut barrier defect, following previous publications [17,76,77]. The stool consistency was semi-quantitatively evaluated using the following score: 0, normal; 1, soft; 2, loose; 3, diarrhea, as previously published [78].




4.1.2. Single or Sequential LPS Administration in Splenectomy Mice


To test the inflammatory responses, splenectomy (or sham) mice after 2 weeks post-operation were intravenously (tail vein) administered with LPS in a single (sepsis) or sequential dose (LPS tolerance) [25,52,79,80]. For sequential LPS, LPS from Escherichia coli 026: B6 (Sigma-Aldrich) were administered in two separate doses at 0.8 and 4 mg/kg with 5-day rest between doses. For single LPS, phosphate buffer solution (PBS) was followed by 4 mg/kg LPS 5 days later. Then, twice PBS was used for the control group. Blood (50 µL) was collected through the facial artery in the indicated time-points. Serum cytokines and kidney injury (serum creatinine) were determined by enzyme-linked immunosorbent assays (ELISA) (Invitrogen, Carlsbad, CA, USA) and QuantiChrom (DICT-500; BioAssay, Hayward, CA, USA), respectively. Liver damage was determined by EnzyChrom alanine trans-aminase assay (EALT-100, BioAssay). Furthermore, blood (25 μL) was directly spread onto blood agar plates (Oxoid, Hampshire, UK), incubated at 37 °C for 24 h before bacterial colony enumeration, and colony identification was performed by mass spectrometry analysis by ViTek MS (BioMerieux SA, Marcy-l’Etoile, France), following the routine hospital protocol. At the end of experiments, mice were sacrificed with specimen collection through cardiac puncture under isoflurane anesthesia.





4.2. Measurement of Gut Barrier Defect


Gut permeability was determined by FITC-dextran assay [22,81,82], endotoxemia [15], fluorescent staining of tight-junction molecules, bacterial burdens in mesenteric lymph nodes [82,83], and dissemination of green fluorescent-producing (GFP) E. coli [11]. Accordingly, FITC-dextran, a nonabsorbable molecule with 4.4 kDa molecular mass (Sigma-Aldrich), at 12.5 mg was orally administered at 3 h before detection in serum using fluorospectrometer (NanoDrop 3300; ThermoFisher Scientific, Wilmington, DE, USA). In parallel, serum endotoxin (LPS) was measured by HEK-Blue LPS detection (InvivoGen, San Diego, CA, USA) and data were recorded as 0 when LPS values were less than 0.01 EU/mL because of the limited lower range of the standard curve. For fluorescent staining of intestinal tight-junction molecules, the colon samples were put into tissue frozen in OCT compound (Tissue-Tek OCT compound; Sukura Finetek, Inc., Torrance, CA, USA) prepared in 5 mm thick frozen tissue sections before processing with acetone and blocking reagents [22]. Subsequently, the primary antibodies against enterocyte tight-junction molecules of occludin or zonula occludens-1 (ZO-1) (Thermo Fisher Scientific, Bannockburn, IL, USA) (1:200) were incubated, washed, mixed with secondary antibody Alexa Fluor 546 goat anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA) (1:200) at 23 °C for 1 h, visualized, and scored (fluorescent intensity) with a Zeiss LSM 800 confocal microscope (Carl Zeiss, San Diego, CA, USA). Because detection of viable bacteria in mesenteric lymph nodes is an indirect indicator of viable bacterial translocation through the intestine, microbial burdens in mesenteric lymph nodes were determined. As such, the homogenized lymph nodes in PBS were directly spread onto blood agar (Oxoid) and incubated at 37 °C for 24 h before colony enumeration. To further support gut translocation, GFP E. coli (25922GFP) from American Type Culture Collection (ATCC, Manassas, VA, USA) at 1 × 109 CFUs in 0.3 mL PBS were orally administered at 6 h before sacrifice, and fluorescent intensity in internal organs was detected using ZEISS LSM 800 (Carl Zeiss), as mentioned above.




4.3. Colon Histology


The following scores were used to semi-quantitatively evaluate intestinal histology on hematoxylin and eosin (H&E) staining at 200× magnification based on mononuclear cell infiltration (in mucosa and submucosa), epithelial hyperplasia (epithelial cells in longitudinal crypts), reduction of goblet cells, and epithelial cell vacuolization in comparison to control with the following score: 0, no epithelial hyperplasia (control); 1, leukocyte infiltration 5–10% or hyperplasia 10–25%; 2, leukocyte infiltration 10–25% or hyperplasia 25–50% or reduced goblet cells (control); 3, leukocyte infiltration 25–50% or hyperplasia >50% or intestinal vacuolization; 4, leukocyte infiltration >50% or ulceration.




4.4. Fecal Microbiome Analysis


Feces from mice (0.25 g each mouse) were used for the analysis using an Illumina MiSeq at Omics Sciences and Bioinformatics Center (Chulalongkorn University, Bangkok, Thailand), as previously described [82,84,85]. Microbiome bioinformatics were performed with QIIME 2 2019.10 [86]. Raw sequence data were demultiplexed and quality filtered using the q2-demux plugin followed by denoising with DADA2 [87] (via q2-dada2). A phylogeny was constructed using SEPP q2-plugin, placing short sequences into sepp-refs-gg-13-8.qza reference phylogenetic tree for 16S marker gene. Taxonomy was assigned to ASVs using the q2-feature-classifier classify-sklearn naïve Bayes taxonomy classifier against the SILVA database. Beta diversity metrics using Chao-1 (richness estimation; the estimation on species diversity from the abundance of data) and Shannon (evenness analysis; the number of species present) were estimated using q2-diversity [88] after samples were rarefied (subsampled without replacement) to the minimum number of sequences.




4.5. Macrophage Cytokines and Polymerase Chain Reaction


To demonstrate the possible influence of chronic endotoxemia in mice through macrophage responses, activations by single or sequential doses of LPS, representatives for acute LPS inflammation [89], and LPS tolerance [25], respectively, were performed. As such, macrophages were derived from the bone marrow of 8-week-old mice, as previously described [81,84,90,91]. Briefly, bone marrow from femurs and tibias were collected by centrifugation at 6000 rpm for 4 °C and incubated for 7 days with Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) with sodium pyruvate in a humidified 5% CO2 incubator at 37 °C. Conditioned media of the L929 cell line, containing macrophage-colony stimulating factor, at 20% weight by volume (w/v) were used to induce macrophages from the pluripotent stem cells. There were three stimulation protocols. For LPS tolerance (LPS/LPS), LPS (Escherichia coli 026: B6) (Sigma-Aldrich) at 100 µg/mL was incubated with macrophages at 5 × 105 cells/well for 24 h before 6 h DMEM washing period, followed by 24 h LPS (100 µg/mL) incubation and sample collection (cells and supernatant). In single LPS stimulation (PBS/LPS), the protocol started with 24 h DMEM media followed by 6 h DMEM washing period before 24 h LPS incubation. In control group (media/media), only DMEM media, but not LPS, were used during the process. Subsequently, supernatant cytokines were measured by ELISA (Invitrogen), and cells were evaluated by real-time polymerase chain reaction (PCR), as previously published [89]. Briefly, an RNA easy mini kit (Qiagen, Hilden, Germany) and a high-capacity reverse transcription assay (Applied Biosystems, Warrington, UK) were used to prepare total RNA and reverse transcription, respectively. The comparative threshold (delta-delta Ct) approach (2−ΔΔCt) was used to establish relative quantification using an Applied Biosystems 7500 Real-Time PCR System with SYBR® Green PCR Master Mix (Applied Biosystems) as normalized by Beta-2 microglobulin (β2M, an endogenous housekeeping gene). The primers are the following: inducible nitric oxide synthase (iNOS) forward 5′-ACCCACATCTGGCAGAATGA-3′ reverse 5′-AGCCATGACCTTTCGCATTAG-3′; interleukin-1 beta (IL-1β) forward 5′-GAAATGCCACCTTTTGACAGTG-3′ reverse 5′-TGGATGCTCTCATCAGGACAG-3′; arginase-1 forward 5′-CTTGGCTTGCTTCGGAACTC-3′ reverse 5′-GGAGAAGGCGTTTGCTTAGTT-3′; transforming growth factor-beta (TGF-β) forward 5′-CAGAGCTGCGCTTGCAGAG-3′ reverse 5′-GTCAGCAGCCGGTTACCAAG-3′; β2 microglobulin (β2M) forward 5′-CCACTGAAAAAGATGAGTATGCCT-3′ reverse 5′-CCAATCCAAATGCGGCATCTTCA-3′.




4.6. Extracellular Flux Analysis


Because cell energy status is important for LPS-induced cytokine production and other cell activities [79], cell energy in single and sequential LPS stimulated macrophages was evaluated. As such, the energy metabolism profiles, using Seahorse XF Analyzers (Agilent, Santa Clara, CA, USA), are estimated by glycolysis and mitochondrial oxidative phosphorylation based on extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), respectively [92]. Bone-marrow derived macrophages at 1 × 106 cells/well were stimulated, as described above, in Seahorse cell culture plates before replacing by Seahorse media (DMEM complemented with glucose, pyruvate, and L-glutamine) (Agilent, 103575-100) in pH 7.4 at 37 °C for 1 h prior to the challenge with different metabolic interference compounds of mitochondrial and glycolysis stress tests. For the mitochondrial stress test, the samples in Seahorse media (Agilent, 103575-100) were sequentially incubated by oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and rotenone/antimycin A. In parallel, glycolysis stress tests were performed in samples with Seahorse XF DMEM medium supplemented with 2 mM Seahorse XF L glutamine. Then, several agents, including glucose, oligomycin, and 2-deoxy-D-glucose (2-DG) were sequentially added. The results in the Seahorse analysis were normalized by applying the total protein abundance in the wave program before measurement of all parameters.




4.7. Quantitative Proteomic Analysis


Stimulated macrophages were processed for proteomic analysis as previously described [93]. Briefly, the peptides from LPS/LPS or single LPS macrophages were labeled with 131 and 130 TMT reagents, respectively, dried in vacuum centrifugation, separated into 20 fractions, and concatenated into 10 fractions using the Pierce High pH Reversed-Phase Peptide Fractionation Kit (ThermoFisher). Liquid chromatography–mass spectrometry (LC-MS/MS) analysis of samples was performed on an EASY-nLC1000 system coupled to a Q-Exactive Orbitrap Plus mass spectrometer equipped with a nano-electrospray ion source (ThermoFisher). The MS raw data files were searched against a composite database containing the forward and reversed peptide sequences of the Mouse Swiss-Prot Database with a list of common protein contaminants (www.thegpm.org/crap/, accessed on 29 January 2022). The search parameters were set for the following fixed modifications: carbamidomethylation of cysteine (+57.02146 Da), as well as TMT 6 plex of N-termini and lysine (+229.162932 Da). The reporter ion intensity ratios of LPS/LPS vs. LPS were transformed to log2 (LPS/LPS vs. LPS). p-values were calculated with Student’s t-test based on the triplicate log2 (LPS/LPS vs. LPS) against 0. The proteins with a p-value ≤ 0.05 were considered as significantly altered proteins, and these proteins were subjected to the online DAVID Bioinformatics Resources 6.8 to investigate the enriched biological processes.




4.8. Statistical Analysis


Mean ± standard error (SE) was used for data presentation. The differences between groups were examined for statistical significance by one-way analysis of variance (ANOVA) followed by Tukey’s analysis of multiple groups comparison. The time-point experiments were analyzed by the repeated measures ANOVA. Survival analysis was determined by a log-rank test. All statistical analyses were performed with SPSS 11.5 software (SPSS, Chicago, IL, USA) and Graph Pad Prism version 7.0 software (La Jolla, CA, USA). A p-value of <0.05 was considered statistically significant.








Author Contributions


Conceptualization, A.T.-U. and A.L.; methodology, A.T.-U., J.M., J.I.-A., W.S., D.L.W., W.C., and A.L.; software, J.M.; validation, A.T.-U. and A.L.; formal analysis, A.T.-U. and A.L.; investigation, A.T.-U.; resources, A.L.; data curation, A.L.; writing—original draft preparation, A.L.; writing—review and editing, A.L.; visualization, A.L.; supervision, A.L.; project administration, A.L.; funding acquisition, A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Chulalongkorn University through Fundamental Fund 2565 (CUFRB65_hea (33)_040_30_21) and the National Research Council of Thailand (grant numbers NRCT5-RGJ63001 and NRCT-N41A640076) with NSRF via the Program Management Unit for Human Resources & Institutional Development, Research and Innovation. J.M. was supported by TRF, International Network for Lupus Research, Thailand (IRN59W0004). A.T.-U. was supported by the Thailand science research and innovation fund and the University of Phayao (Grant No. FF64-UoE020 and FF64-RIB008).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by The Institutional Animal Care and Use Committee of the Faculty of Medicine, Chulalongkorn University (protocol code SST 012/2563; 20/2/2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


The mass spectrometry proteomics data, including annotated spectra for all modified peptides and proteins identified on the basis of a single peptide, have been deposited to the ProteomeXchange Consortium via the PRoteomics IDEntifications (PRIDE) partner repository with the data set identifier PXD027471.




Acknowledgments


AL is under Translational Research in Inflammation and Immunology Research Unit (TRIRU), Department of Microbiology, Chulalongkorn University, Bangkok, Thailand.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Coco, D.; Leanza, S. Indications for Surgery in Non-Traumatic Spleen Disease. Open Access Maced. J. Med. Sci. 2019, 7, 2958–2960. [Google Scholar] [CrossRef] [PubMed]

	



Dolejs, S.C.; Savage, S.A.; Hartwell, J.L.; Zarzaur, B.L. Overall Splenectomy Rates Stable Despite Increasing Usage of Angiography in the Management of High-grade Blunt Splenic Injury. Ann. Surg. 2018, 268, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



Tantiworawit, A.; Dumnil, S.; Osataphan, N.; Rattanathammethee, T.; Hantrakool, S.; Chai-Adisaksopha, C.; Rattarittamrong, E.; Norasetthada, L.; Charoenkwan, P. The Pros and Cons of Splenectomy in Transfusion Dependent Thalassemia Patient. Blood 2018, 132, 4901. [Google Scholar] [CrossRef]

	



Ghmaird, A.; Alnoaiji, M.M.; Al-Blewi, S.; Zaki, S.; El-Lewi, A.; Ahmad, N. Splenectomy in Patients with Sickle Cell Disease in Tabuk. Open Access Maced. J. Med. Sci. 2016, 4, 107–111. [Google Scholar] [CrossRef] [PubMed]

	



Kirkineska, L.; Perifanis, V.; Vasiliadis, T. Functional hyposplenism. Hippokratia 2014, 18, 7–11. [Google Scholar]

	



William, B.M.; Corazza, G.R. Hyposplenism: A comprehensive review. Part I: Basic concepts and causes. Hematology 2007, 12, 1–13. [Google Scholar] [CrossRef]

	



William, B.M.; Thawani, N.; Sae-Tia, S.; Corazza, G.R. Hyposplenism: A comprehensive review. Part II: Clinical manifestations, diagnosis, and management. Hematology 2007, 12, 89–98. [Google Scholar] [CrossRef]

	



Mathur, A.; McLean, M.H.; Cao, H.; Vickers, M.A. Hyposplenism and Gastrointestinal Diseases: Significance and Mechanisms. Dig. Dis. 2021. [Google Scholar] [CrossRef]

	



Morris, D.H.; Bullock, F.D. The Importance of the Spleen in Resistance to Infection. Ann. Surg. 1919, 70, 513–531. [Google Scholar] [CrossRef]

	



Zhu, H.; Liu, Y.; Li, S.; Jin, Y.; Zhao, L.; Zhao, F.; Feng, J.; Yan, W.; Wei, Y. Altered gut microbiota after traumatic splenectomy is associated with endotoxemia. Emerg. Microbes Infect. 2018, 7, 197. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Panpetch, W.; Saisorn, W.; Chatthanathon, P.; Wannigama, D.L.; Thim-uam, A.; Svasti, S.; Fucharoen, S.; Somboonna, N.; Leelahavanichkul, A. Increased susceptibility to dextran sulfate-induced mucositis of iron-overload β-thalassemia mice, another endogenous cause of septicemia in thalassemia. Clin. Sci. 2021, 135, 1467–1486. [Google Scholar] [CrossRef] [PubMed]

	



Cathomas, F.; Russo, S.J. Brain spleen connection aids antibody production. Nature 2020, 581, 142–143. [Google Scholar] [CrossRef] [PubMed]

	



Whalley, K. Brain–spleen link tunes immunity. Nat. Rev. Immunol. 2020, 20, 406–407. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Ma, L.; Chang, L.; Pu, Y.; Qu, Y.; Hashimoto, K. A key role of the subdiaphragmatic vagus nerve in the depression-like phenotype and abnormal composition of gut microbiota in mice after lipopolysaccharide administration. Transl. Psychiatry 2020, 10, 186. [Google Scholar] [CrossRef]

	



Amornphimoltham, P.; Yuen, P.S.T.; Star, R.A.; Leelahavanichkul, A. Gut Leakage of Fungal-Derived Inflammatory Mediators: Part of a Gut-Liver-Kidney Axis in Bacterial Sepsis. Dig. Dis. Sci. 2019, 64, 2416–2428. [Google Scholar] [CrossRef]

	



Issara-Amphorn, J.; Dang, C.P.; Saisorn, W.; Limbutara, K.; Leelahavanichkul, A. Candida Administration in Bilateral Nephrectomy Mice Elevates Serum (1→3)-β-D-glucan that Enhances Systemic Inflammation through Energy Augmentation in Macrophages. Int. J. Mol. Sci. 2021, 22, 5031. [Google Scholar] [CrossRef]

	



Boonhai, S.; Bootdee, K.; Saisorn, W.; Takkavatakarn, K.; Sitticharoenchai, P.; Tungsanga, S.; Tiranathanagul, K.; Leelahavanichkul, A. TMAO reductase, a biomarker for gut permeability defect induced inflammation, in mouse model of chronic kidney disease and dextran sulfate solution-induced mucositis. Asian Pac. J. Allergy Immunol. 2021, online ahead of print. [Google Scholar] [CrossRef]

	



Panpetch, W.; Visitchanakun, P.; Saisorn, W.; Sawatpanich, A.; Chatthanathon, P.; Somboonna, N.; Tumwasorn, S.; Leelahavanichkul, A. Lactobacillus rhamnosus attenuates Thai chili extracts induced gut inflammation and dysbiosis despite capsaicin bactericidal effect against the probiotics, a possible toxicity of high dose capsaicin. PLoS ONE 2021, 16, e0261189. [Google Scholar] [CrossRef]

	



Ondee, T.; Pongpirul, K.; Janchot, K.; Kanacharoen, S.; Lertmongkolaksorn, T.; Wongsaroj, L.; Somboonna, N.; Ngamwongsatit, N.; Leelahavanichkul, A. Lactiplantibacillus plantarum dfa1 Outperforms Enterococcus faecium dfa1 on Anti-Obesity in High Fat-Induced Obesity Mice Possibly through the Differences in Gut Dysbiosis Attenuation, despite the Similar Anti-Inflammatory Properties. Nutrients 2022, 14, 80. [Google Scholar] [CrossRef]

	



He, J.; Zhang, P.; Shen, L.; Niu, L.; Tan, Y.; Chen, L.; Zhao, Y.; Bai, L.; Hao, X.; Li, X.; et al. Short-Chain Fatty Acids and Their Association with Signalling Pathways in Inflammation, Glucose and Lipid Metabolism. Int. J. Mol. Sci. 2020, 21, 6356. [Google Scholar] [CrossRef]

	



Panpetch, W.; Phuengmaung, P.; Cheibchalard, T.; Somboonna, N.; Leelahavanichkul, A.; Tumwasorn, S. Lacticaseibacillus casei Strain T21 Attenuates Clostridioides difficile Infection in a Murine Model through Reduction of Inflammation and Gut Dysbiosis with Decreased Toxin Lethality and Enhanced Mucin Production. Front. Microbiol. 2021, 12, 745299. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Saisorn, W.; Wongphoom, J.; Chatthanathon, P.; Somboonna, N.; Svasti, S.; Fucharoen, S.; Leelahavanichkul, A. Gut leakage enhances sepsis susceptibility in iron-overloaded β-thalassemia mice through macrophage hyperinflammatory responses. Am. J. Physiol. Gastrointest. Liver Physiol. 2020, 318, G966–G979. [Google Scholar] [CrossRef] [PubMed]

	



Panpetch, W.; Somboonna, N.; Palasuk, M.; Hiengrach, P.; Finkelman, M.; Tumwasorn, S.; Leelahavanichkul, A. Oral Candida administration in a Clostridium difficile mouse model worsens disease severity but is attenuated by Bifidobacterium. PLoS ONE 2019, 14, e0210798. [Google Scholar] [CrossRef]

	



Fujihara, M.; Muroi, M.; Tanamoto, K.-I.; Suzuki, T.; Azuma, H.; Ikeda, H. Molecular mechanisms of macrophage activation and deactivation by lipopolysaccharide: Roles of the receptor complex. Pharmacol. Ther. 2003, 100, 171–194. [Google Scholar] [CrossRef]

	



Ondee, T.; Surawut, S.; Taratummarat, S.; Hirankarn, N.; Palaga, T.; Pisitkun, P.; Pisitkun, T.; Leelahavanichkul, A. Fc Gamma Receptor IIB Deficient Mice: A Lupus Model with Increased Endotoxin Tolerance-Related Sepsis Susceptibility. Shock 2017, 47, 743–752. [Google Scholar] [CrossRef]

	



Kaufmann, S.H.E.; Dorhoi, A.; Hotchkiss, R.S.; Bartenschlager, R. Host-directed therapies for bacterial and viral infections. Nat. Rev. Drug Discov. 2018, 17, 35–56. [Google Scholar] [CrossRef] [PubMed]

	



Hotchkiss, R.S.; Moldawer, L.L.; Opal, S.M.; Reinhart, K.; Turnbull, I.R.; Vincent, J.-L. Sepsis and septic shock. Nat. Rev. Dis. Primers 2016, 2, 16045. [Google Scholar] [CrossRef]

	



Lewis, S.M.; Williams, A.; Eisenbarth, S.C. Structure and function of the immune system in the spleen. Sci. Immunol. 2019, 4, eaau6085. [Google Scholar] [CrossRef] [PubMed]

	



Vaishnavi, C. Translocation of gut flora and its role in sepsis. Indian J. Med. Microbiol. 2013, 31, 334–342. [Google Scholar] [CrossRef]

	



Jenks, P.J.; Jones, E. Infections in asplenic patients. Clin. Microbiol. Infect. 1996, 1, 266–272. [Google Scholar] [CrossRef]

	



Price, V.E.; Blanchette, V.S.; Ford-Jones, E.L. The Prevention and therapy of bacterial infections for children with asplenia or hyposplenia. Paediatr. Child Health 1999, 4, 417–421. [Google Scholar] [CrossRef]

	



Leth Bak, A.; Black, F.T.; Christiansen, C.; Freundt, E.A. Genome Size of Mycoplasmal DNA. Nature 1969, 224, 1209–1210. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Y.; Chang, L.; Ishima, T.; Wan, X.; Ma, L.; Wuyun, G.; Pu, Y.; Hashimoto, K. Abnormalities of the composition of the gut microbiota and short-chain fatty acids in mice after splenectomy. Brain Behav. Immun. Health 2021, 11, 100198. [Google Scholar] [CrossRef]

	



Foster, J.A.; Rinaman, L.; Cryan, J.F. Stress & the gut-brain axis: Regulation by the microbiome. Neurobiol. Stress 2017, 7, 124–136. [Google Scholar] [CrossRef]

	



Lima Kde, M.; Negro-Dellacqua, M.; Dos Santos, V.E.; de Castro, C.M. Post-splenectomy infections in chronic schistosomiasis as a consequence of bacterial translocation. Rev. Soc. Bras. Med. Trop. 2015, 48, 314–320. [Google Scholar] [CrossRef] [PubMed]

	



Geng, S.; Yang, L.; Cheng, F.; Zhang, Z.; Li, J.; Liu, W.; Li, Y.; Chen, Y.; Bao, Y.; Chen, L.; et al. Gut Microbiota are Associated with Psychological Stress-Induced Defections in Intestinal and Blood–Brain Barriers. Front. Microbiol. 2020, 10, 3067. [Google Scholar] [CrossRef]

	



Madison, A.; Kiecolt-Glaser, J.K. Stress, depression, diet, and the gut microbiota: Human-bacteria interactions at the core of psychoneuroimmunology and nutrition. Curr. Opin. Behav. Sci. 2019, 28, 105–110. [Google Scholar] [CrossRef]

	



Karl, J.P.; Hatch, A.M.; Arcidiacono, S.M.; Pearce, S.C.; Pantoja-Feliciano, I.G.; Doherty, L.A.; Soares, J.W. Effects of Psychological, Environmental and Physical Stressors on the Gut Microbiota. Front. Microbiol. 2018, 9, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Yu, L.C.-H. Microbiota dysbiosis and barrier dysfunction in inflammatory bowel disease and colorectal cancers: Exploring a common ground hypothesis. J. Biomed. Sci. 2018, 25, 79. [Google Scholar] [CrossRef]

	



Hu, J.; Luo, H.; Wang, J.; Tang, W.; Lu, J.; Wu, S.; Xiong, Z.; Yang, G.; Chen, Z.; Lan, T.; et al. Enteric dysbiosis-linked gut barrier disruption triggers early renal injury induced by chronic high salt feeding in mice. Exp. Mol. Med. 2017, 49, e370. [Google Scholar] [CrossRef] [PubMed]

	



De Punder, K.; Pruimboom, L. Stress Induces Endotoxemia and Low-Grade Inflammation by Increasing Barrier Permeability. Front. Immunol. 2015, 6, 223. [Google Scholar] [CrossRef]

	



Shukla, P.K.; Meena, A.S.; Dalal, K.; Canelas, C.; Samak, G.; Pierre, J.F.; Rao, R. Chronic stress and corticosterone exacerbate alcohol-induced tissue injury in the gut-liver-brain axis. Sci. Rep. 2021, 11, 826. [Google Scholar] [CrossRef]

	



Liu, Y.-Z.; Wang, Y.-X.; Jiang, C.-L. Inflammation: The Common Pathway of Stress-Related Diseases. Front. Hum. Neurosci. 2017, 11, 316. [Google Scholar] [CrossRef] [PubMed]

	



Berg, R.D. Bacterial translocation from the gastrointestinal tract. Trends Microbiol. 1995, 3, 149–154. [Google Scholar] [CrossRef]

	



Morris, J.A.; Harrison, L.M.; Biswas, J.; Telford, D.R. Transient bacteraemia: A possible cause of sudden life threatening events. Med. Hypotheses 2007, 69, 1032–1039. [Google Scholar] [CrossRef]

	



Bischoff, S.C.; Barbara, G.; Buurman, W.; Ockhuizen, T.; Schulzke, J.-D.; Serino, M.; Tilg, H.; Watson, A.; Wells, J.M. Intestinal permeability—A new target for disease prevention and therapy. BMC Gastroenterol. 2014, 14, 189. [Google Scholar] [CrossRef]

	



Zeng, M.Y.; Inohara, N.; Nuñez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol. 2017, 10, 18–26. [Google Scholar] [CrossRef]

	



Parker, B.J.; Wearsch, P.A.; Veloo, A.C.M.; Rodriguez-Palacios, A. The Genus Alistipes: Gut Bacteria with Emerging Implications to Inflammation, Cancer, and Mental Health. Front. Immunol. 2020, 11, 906. [Google Scholar] [CrossRef] [PubMed]

	



White, R.A., 3rd; Bottos, E.M.; Roy Chowdhury, T.; Zucker, J.D.; Brislawn, C.J.; Nicora, C.D.; Fansler, S.J.; Glaesemann, K.R.; Glass, K.; Jansson, J.K. Moleculo Long-Read Sequencing Facilitates Assembly and Genomic Binning from Complex Soil Metagenomes. mSystems 2016, 1, e00045-16. [Google Scholar] [CrossRef]

	



Zhou, Q.; Zhang, Y.; Wang, X.; Yang, R.; Zhu, X.; Zhang, Y.; Chen, C.; Yuan, H.; Yang, Z.; Sun, L. Gut bacteria Akkermansia is associated with reduced risk of obesity: Evidence from the American Gut Project. Nutr. Metab. 2020, 17, 90. [Google Scholar] [CrossRef]

	



Henke, M.T.; Kenny, D.J.; Cassilly, C.D.; Vlamakis, H.; Xavier, R.J.; Clardy, J. Ruminococcus gnavus, a member of the human gut microbiome associated with Crohn’s disease, produces an inflammatory polysaccharide. Proc. Natl. Acad. Sci. USA 2019, 116, 12672. [Google Scholar] [CrossRef] [PubMed]

	



Ondee, T.; Jaroonwitchawan, T.; Pisitkun, T.; Gillen, J.; Nita-Lazar, A.; Leelahavanichkul, A.; Somparn, P. Decreased Protein Kinase C-β Type II Associated with the Prominent Endotoxin Exhaustion in the Macrophage of FcGRIIb−/− Lupus Prone Mice is Revealed by Phosphoproteomic Analysis. Int. J. Mol. Sci. 2019, 20, 1354. [Google Scholar] [CrossRef] [PubMed]

	



Romanovsky, A.A.; Petersen, S.R. The spleen: Another mystery about its function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 284, R1378–R1379. [Google Scholar] [CrossRef] [PubMed]

	



Andrew, P.; Deng, Y.; Kaufman, S. Fluid extravasation from spleen reduces blood volume in endotoxemia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 278, R60–R65. [Google Scholar] [CrossRef] [PubMed]

	



Mizukami, T.; Yokoyama, H.; Okamura, Y.; Ohgo, H.; Fukuda, M.; Kamegaya, Y.; Kato, S.; Ishii, H. Splenectomy attenuates superoxide anion release into the hepatic sinusoids after lipopolysaccharide challenge. J. Hepatol. 1999, 31, 235–241. [Google Scholar] [CrossRef]

	



Moeniralam, H.S.; Bemelman, W.A.; Endert, E.; Koopmans, R.; Sauerwein, H.P.; Romijn, J.A. The decrease in nonsplenic interleukin-6 (IL-6) production after splenectomy indicates the existence of a positive feedback loop of IL-6 production during endotoxemia in dogs. Infect. Immun. 1997, 65, 2299–2305. [Google Scholar] [CrossRef]

	



Fonseca Monique, T.; Moretti Eduardo, H.; Marques Lucas, M.M.; Machado Bianca, F.; Brito Camila, F.; Guedes Jady, T.; Komegae Evilin, N.; Vieira Thayna, S.; Festuccia William, T.; Lopes Norberto, P.; et al. A leukotriene-dependent spleen-liver axis drives TNF production in systemic inflammation. Sci. Signal. 2021, 14, eabb0969. [Google Scholar] [CrossRef]

	



Moehrlen, U.; Lechner, A.; Bäumel, M.; Dostert, K.; Röhrl, J.; Meuli, M.; Männel, D.N.; Hamacher, J. Immune cell populations and cytokine production in spleen and mesenteric lymph nodes after laparoscopic surgery versus conventional laparotomy in mice. Pediatric Surg. Int. 2012, 28, 507–513. [Google Scholar] [CrossRef]

	



Merlot, E.; Moze, E.; Dantzer, R.; Neveu, P.J. Cytokine Production by Spleen Cells after Social Defeat in Mice: Activation of T Cells and Reduced Inhibition by Glucocorticoids. Stress 2004, 7, 55–61. [Google Scholar] [CrossRef]

	



Torres, M.B.; Vega, V.L.; Bedri, M.; Saad, D.; Trentzsch, H.; Reeves, R.H.; De Maio, A. IL-10 Plasma Levels are Elevated after LPS Injection in Splenectomized A/J Mice1. J. Surg. Res. 2005, 129, 101–106. [Google Scholar] [CrossRef]

	



Chen, H.; Huang, N.; Tian, H.; Li, J.; Li, B.; Sun, J.; Zhang, S.; Zhang, C.; Zhao, Y.; Kong, G.; et al. Splenectomy provides protective effects against CLP-induced sepsis by reducing TRegs and PD-1/PD-L1 expression. Int. J. Biochem. Cell Biol. 2021, 136, 105970. [Google Scholar] [CrossRef] [PubMed]

	



Deriy, L.V.; Beno, D.W.A.; Uhing, M.R.; Jiyamapa-Serna, V.A.; Kimura, R.E. Splenectomy Ablates Endotoxin-Induced IFNγ Response in Rats. Shock 2002, 17, 312–315. [Google Scholar] [CrossRef] [PubMed]

	



Martin, C.J.; Peters, K.N.; Behar, S.M. Macrophages clean up: Efferocytosis and microbial control. Curr. Opin. Microbiol. 2014, 17, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Leseigneur, C.; Lê-Bury, P.; Pizarro-Cerdá, J.; Dussurget, O. Emerging Evasion Mechanisms of Macrophage Defenses by Pathogenic Bacteria. Front. Cell Infect. Microbiol. 2020, 10, 577559. [Google Scholar] [CrossRef] [PubMed]

	



Gillen, J.; Ondee, T.; Gurusamy, D.; Issara-Amphorn, J.; Manes, N.P.; Yoon, S.H.; Leelahavanichkul, A.; Nita-Lazar, A. LPS Tolerance Inhibits Cellular Respiration and Induces Global Changes in the Macrophage Secretome. Biomolecules 2021, 11, 164. [Google Scholar] [CrossRef]

	



Chancharoenthana, W.; Udompronpitak, K.; Manochantr, Y.; Kantagowit, P.; Kaewkanha, P.; Issara-Amphorn, J.; Leelahavanichkul, A. Repurposing of High-Dose Erythropoietin as a Potential Drug Attenuates Sepsis in Preconditioning Renal Injury. Cells 2021, 10, 3133. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Kaewduangduen, W.; Chareonsappakit, A.; Susantitaphong, P.; Pisitkun, P.; Ritprajak, P.; Townamchai, N.; Leelahavanichkul, A. Interference on Cytosolic DNA Activation Attenuates Sepsis Severity: Experiments on Cyclic GMP-AMP Synthase (cGAS) Deficient Mice. Int. J. Mol. Sci. 2021, 22, 11450. [Google Scholar] [CrossRef]

	



Dang, C.P.; Leelahavanichkul, A. Over-expression of miR-223 induces M2 macrophage through glycolysis alteration and attenuates LPS-induced sepsis mouse model, the cell-based therapy in sepsis. PLoS ONE 2020, 15, e0236038. [Google Scholar] [CrossRef]

	



Li, X.-B.; Gu, J.-D.; Zhou, Q.-H. Review of aerobic glycolysis and its key enzymes—New targets for lung cancer therapy. Thorac. Cancer 2015, 6, 17–24. [Google Scholar] [CrossRef]

	



Martínez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020, 11, 102. [Google Scholar] [CrossRef]

	



Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541–566. [Google Scholar] [CrossRef] [PubMed]

	



Taratummarat, S.; Sangphech, N.; Vu, C.T.B.; Palaga, T.; Ondee, T.; Surawut, S.; Sereemaspun, A.; Ritprajak, P.; Leelahavanichkul, A. Gold nanoparticles attenuates bacterial sepsis in cecal ligation and puncture mouse model through the induction of M2 macrophage polarization. BMC Microbiol. 2018, 18, 85. [Google Scholar] [CrossRef] [PubMed]

	



Hotchkiss, R.S.; Opal, S.M. Activating Immunity to Fight a Foe—A New Path. N. Engl. J. Med. 2020, 382, 1270–1272. [Google Scholar] [CrossRef] [PubMed]

	



Leelahavanichkul, A.; Huang, Y.; Hu, X.; Zhou, H.; Tsuji, T.; Chen, R.; Kopp, J.B.; Schnermann, J.; Yuen, P.S.T.; Star, R.A. Chronic kidney disease worsens sepsis and sepsis-induced acute kidney injury by releasing High Mobility Group Box Protein-1. Kidney Int. 2011, 80, 1198–1211. [Google Scholar] [CrossRef] [PubMed]

	



Leelahavanichkul, A.; Yasuda, H.; Doi, K.; Hu, X.; Zhou, H.; Yuen, P.S.T.; Star, R.A. Methyl-2-acetamidoacrylate, an ethyl pyruvate analog, decreases sepsis-induced acute kidney injury in mice. Am. J. Physiol. Renal. Physiol. 2008, 295, F1825–F1835. [Google Scholar] [CrossRef] [PubMed]

	



Panpetch, W.; Hiengrach, P.; Nilgate, S.; Tumwasorn, S.; Somboonna, N.; Wilantho, A.; Chatthanathon, P.; Prueksapanich, P.; Leelahavanichkul, A. Additional Candida albicans administration enhances the severity of dextran sulfate solution induced colitis mouse model through leaky gut-enhanced systemic inflammation and gut-dysbiosis but attenuated by Lactobacillus rhamnosus L34. Gut Microbes 2020, 11, 465–480. [Google Scholar] [CrossRef] [PubMed]

	



Hiengrach, P.; Panpetch, W.; Worasilchai, N.; Chindamporn, A.; Tumwasorn, S.; Jaroonwitchawan, T.; Wilantho, A.; Chatthanathon, P.; Somboonna, N.; Leelahavanichkul, A. Administration of Candida Albicans to Dextran Sulfate Solution Treated Mice Causes Intestinal Dysbiosis, Emergence and Dissemination of Intestinal Pseudomonas Aeruginosa and Lethal Sepsis. Shock 2020, 53, 189–198. [Google Scholar] [CrossRef]

	



Saithong, S.; Saisorn, W.; Visitchanakun, P.; Sae-Khow, K.; Chiewchengchol, D.; Leelahavanichkul, A. A Synergy between Endotoxin and (1→3)-Beta-D-Glucan Enhanced Neutrophil Extracellular Traps in Candida Administered Dextran Sulfate Solution Induced Colitis in FcGRIIB-/- Lupus Mice, an Impact of Intestinal Fungi in Lupus. J. Inflamm. Res. 2021, 14, 2333–2352. [Google Scholar] [CrossRef]

	



Jaroonwitchawan, T.; Visitchanakun, P.; Dang, P.C.; Ritprajak, P.; Palaga, T.; Leelahavanichkul, A. Dysregulation of Lipid Metabolism in Macrophages is Responsible for Severe Endotoxin Tolerance in FcgRIIB-Deficient Lupus Mice. Front. Immunol. 2020, 11, 959. [Google Scholar] [CrossRef]

	



Ondee, T.; Gillen, J.; Visitchanakun, P.; Somparn, P.; Issara-Amphorn, J.; Dang Phi, C.; Chancharoenthana, W.; Gurusamy, D.; Nita-Lazar, A.; Leelahavanichkul, A. Lipocalin-2 (Lcn-2) Attenuates Polymicrobial Sepsis with LPS Preconditioning (LPS Tolerance) in FcGRIIb Deficient Lupus Mice. Cells 2019, 8, 1064. [Google Scholar] [CrossRef]

	



Sae-Khow, K.; Charoensappakit, A.; Visitchanakun, P.; Saisorn, W.; Svasti, S.; Fucharoen, S.; Leelahavanichkul, A. Pathogen-Associated Molecules from Gut Translocation Enhance Severity of Cecal Ligation and Puncture Sepsis in Iron-Overload β-Thalassemia Mice. J. Inflamm. Res. 2020, 13, 719–735. [Google Scholar] [CrossRef] [PubMed]

	



Thim-uam, A.; Surawut, S.; Issara-Amphorn, J.; Jaroonwitchawan, T.; Hiengrach, P.; Chatthanathon, P.; Wilantho, A.; Somboonna, N.; Palaga, T.; Pisitkun, P.; et al. Leaky-gut enhanced lupus progression in the Fc gamma receptor-IIb deficient and pristane-induced mouse models of lupus. Sci. Rep. 2020, 10, 777. [Google Scholar] [CrossRef]

	



Panpetch, W.; Kullapanich, C.; Dang, C.P.; Visitchanakun, P.; Saisorn, W.; Wongphoom, J.; Wannigama, D.L.; Thim-Uam, A.; Patarakul, K.; Somboonna, N.; et al. Candida Administration Worsens Uremia-Induced Gut Leakage in Bilateral Nephrectomy Mice, an Impact of Gut Fungi and Organismal Molecules in Uremia. mSystems 2021, 6, e01187-20. [Google Scholar] [CrossRef]

	



Panpetch, W.; Sawaswong, V.; Chanchaem, P.; Ondee, T.; Dang, C.P.; Payungporn, S.; Leelahavanichkul, A. Candida Administration Worsens Cecal Ligation and Puncture-Induced Sepsis in Obese Mice through Gut Dysbiosis Enhanced Systemic Inflammation, Impact of Pathogen-Associated Molecules from Gut Translocation and Saturated Fatty Acid. Front. Immunol. 2020, 11, 561652. [Google Scholar] [CrossRef] [PubMed]

	



Issara-Amphorn, J.; Somboonna, N.; Pisitkun, P.; Hirankarn, N.; Leelahavanichkul, A. Syk inhibitor attenuates inflammation in lupus mice from FcgRIIb deficiency but not in pristane induction: The influence of lupus pathogenesis on the therapeutic effect. Lupus 2020, 29, 1248–1262. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef]

	



Kriss, M.; Hazleton, K.Z.; Nusbacher, N.M.; Martin, C.G.; Lozupone, C.A. Low diversity gut microbiota dysbiosis: Drivers, functional implications and recovery. Curr. Opin. Microbiol. 2018, 44, 34–40. [Google Scholar] [CrossRef]

	



Udompornpitak, K.; Bhunyakarnjanarat, T.; Charoensappakit, A.; Dang, C.P.; Saisorn, W.; Leelahavanichkul, A. Lipopolysaccharide-Enhanced Responses against Aryl Hydrocarbon Receptor in FcgRIIb-Deficient Macrophages, a Profound Impact of an Environmental Toxin on a Lupus-Like Mouse Model. Int. J. Mol. Sci. 2021, 22, 4199. [Google Scholar] [CrossRef] [PubMed]

	



Issara-Amphorn, J.; Chancharoenthana, W.; Visitchanakun, P.; Leelahavanichkul, A. Syk Inhibitor Attenuates Polymicrobial Sepsis in FcgRIIb-Deficient Lupus Mouse Model, the Impact of Lupus Characteristics in Sepsis. J. Innate Immun. 2020, 12, 461–479. [Google Scholar] [CrossRef]

	



Visitchanakun, P.; Tangtanatakul, P.; Trithiphen, O.; Soonthornchai, W.; Wongphoom, J.; Tachaboon, S.; Srisawat, N.; Leelahavanichkul, A. Plasma miR-370-3P as a Biomarker of Sepsis-Associated Encephalopathy, the Transcriptomic Profiling Analysis of Microrna-Arrays from Mouse Brains. Shock 2020, 54, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Bhunyakarnjanarat, T.; Udompornpitak, K.; Saisorn, W.; Chantraprapawat, B.; Visitchanakun, P.; Dang, C.P.; Issara-Amphorn, J.; Leelahavanichkul, A. Prominent Indomethacin-Induced Enteropathy in Fcgriib Defi-cient lupus Mice: An Impact of Macrophage Responses and Immune Deposition in Gut. Int. J. Mol. Sci. 2021, 22, 1377. [Google Scholar] [CrossRef] [PubMed]

	



Makjaroen, J.; Thim-Uam, A.; Dang, C.P.; Pisitkun, T.; Somparn, P.; Leelahavanichkul, A. A Comparison between 1 Day versus 7 Days of Sepsis in Mice with the Experiments on LPS-Activated Macrophages Support the Use of Intravenous Immunoglobulin for Sepsis Attenuation. J. Inflamm. Res. 2021, 14, 7243–7263. [Google Scholar] [CrossRef]








[image: Ijms 23 01676 g001 550] 





Figure 1. Characteristics of mice after sham or splenectomy (Splx) as determined by leaky gut (FITC-dextran assay and endotoxemia) (A,B), bacterial burdens in mesenteric lymph nodes, and mean fluorescent intensity of intestinal tight-junction molecules, occludin and zona occludens-1 (ZO-1), with the representative immune-fluorescent staining pictures (C–E), systemic inflammation (serum IL-6), and organ injury markers (serum creatinine and alanine transaminase) (F–H) are indicated (n = 7/group or time-point). 
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Figure 2. Characteristics of sham or splenectomy (Splx) mice (at 2 weeks post-surgery) after 1 week administration by dextran sulfate solution (DSS) or control drinking water (water) as indicated by the schema of experiments (A), survival analysis (B), stool consistency index (C), body weight (D), colon histological score (E), gut barrier defect (endotoxemia and FIT-dextran assay) (F,G), and serum cytokines (TNF-α, IL-6, and IL-10) (H–J) are demonstrated (n = 15/group for B-D and n = 8/group for others). 
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Figure 3. Representative pictures of colon histology from hematoxylin and eosin (H&E) staining of sham or splenectomy (Splx) mice (at 2 weeks post-surgery) after 1 week administration by dextran sulfate solution (DSS) or control drinking water (water) are demonstrated. Arrows indicate the loss of mucosal epithelium in the lesions. 
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Figure 4. Characteristics of sham or splenectomy (Splx) mice (at 2 weeks post-surgery) after 1 week administration by dextran sulfate solution (DSS) or control drinking water (water) as indicated by blood bacterial burdens (bacteremia) and the list of identified bacteria based on bacterial colony characteristics (mass spectrometry analysis) (A), and the fluorescent intensity of green fluorescent protein (GFP)-expressing Escherichia coli (E. coli) in several organs (mesenteric lymph nodes, kidneys, livers, and spleens) with representative pictures (B,C) are demonstrated (n = 10/group for A, B, and n = 5/group for C). Of note, GFP E. coli were detectable only in mesenteric lymph nodes, but not other organs, of splenectomy mice with drinking water (Splx water) and non-detectable in all organs of sham mice with drinking water control (sham water). 
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Figure 5. Fecal microbiota analysis of sham or splenectomy (Splx) mice (at 2 weeks post-surgery) after 1 week administration by dextran sulfate solution (DSS) or control drinking water (water) as indicated by the relative abundance of bacterial diversity at phylum and genus with the average calculation (A,B), the graph presentation of some analysis at phylum and at the genus level (C,D), total Gram-negative bacteria in feces (E), and the beta diversity analysis (Chao-1 and Shannon analysis) (F) are demonstrated. 
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Figure 6. Characteristics of sham or splenectomy (Splx) mice (at 2 weeks post-surgery) with lipopolysaccharide (LPS) intravenous administration (tail vein) in a single dose, using phosphate buffer solution (PBS) followed by LPS (PBS/LPS), or two doses (LPS tolerance) (LPS/LPS) as indicated by the schema of experiments (A), time-points of serum cytokines (TNF-α, IL-6, and IL-10) (B–D), and the graph presentation of peak cytokine levels (15 min post-injection) (E–G) are demonstrated (n = 7/group or time-point). 
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Figure 7. Characteristics of bone marrow-derived macrophages at 24 h after 2-doses stimulation (24 h dose separation) by two doses of phosphate buffer solution (PBS/PBS) (A–L), a single dose of lipopolysaccharide (LPS), or twice LPS (LPS/LPS) as indicated by the schema of the experiments (A), time-points of serum cytokines (TNF-α, IL-6, and IL-10) (B–D), gene expression of pro-inflammation (iNOS and IL-1β), and anti-inflammation (Arginase-1 and TGF-β), (E–H) with cell energy status analysis using oxygen consumption rate (OCR) of the mitochondrial stress test, extracellular acidification rate (ECAR) for the glycolysis stress test with graph presentation of respiratory capacity (maximal respiration), and glycolysis capacity (maximal glycolysis) are demonstrated (independent triplicate experiments were performed). 
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Figure 8. Illustrations of mapped proteins that are associated with cell energy metabolisms from proteomic analysis of bone marrow-derived macrophages after stimulation with two lipopolysaccharide (LPS) administrations (LPS tolerance) relative to single LPS stimulation are demonstrated. The proteins in red- and green-colored texts represent upregulated and downregulated proteins from proteomic analysis, respectively. 
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Figure 9. Illustration of the working hypothesis indicating (i) the effective organismal control by spleen after transient bacteremia from physiologic gut barrier defect [45,46], (ii) the loss of microbial control after splenectomy causes minimal gut bacterial translocation but in the level that is enough to control by non-splenic immune responses, as indicated by chronic endotoxemia (splenectomy-induced endotoxemia) without bacteremia [10] (the systemic LPS responses induce stress that additionally facilitates gut dysbiosis [33,47]), (iii) splenectomy-induced gut-dysbiosis enhanced susceptibility to mucositis from dextran sulfate solution (DSS)-induced injury with the higher level of gut bacterial translocation than non-DSS mice (more prominent bacteremia), partly due to the limited cytokine responses from asplenia and chronic endotoxemia-induced macrophage LPS tolerance. Picture is created by https://biorender.com/ (accessed on 10 December 2021). 
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