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Immunodeficiency is a very common condition in suboptimal health status and during the development or treatment of many diseases. Recently, probiotics have become an important means for immune regulation. The present study aimed to investigate the mechanism of the immunomodulatory effect of a combination of live Bifidobacterium, Lactobacillus, Enterococcus, and Bacillus (CBLEB), which is a drug used by approximately 10 million patients every year, on cyclophosphamide-immunosuppressed rats. Cyclophosphamide (40 mg/kg) was intraperitoneally injected to induce immunosuppression in a rat model on days 1, 2, 3, and 10. Starting from day 4, the rats were continuously gavaged with CBLEB solution for 15 days. The samples were collected to determine routine blood test parameters, liver and kidney functions, serum cytokine levels, gut microbiota, fecal and serum metabolomes, transcriptomes, and histopathological features. The results indicated that CBLEB treatment reduced cyclophosphamide-induced death, weight loss, and damage to the gut, liver, spleen, and lungs and eliminated a cyclophosphamide-induced increase in the mean hemoglobin content and GGT, M-CSF, and MIP-3α levels and a decrease in the red blood cell distribution width and total protein and creatinine levels in the blood. Additionally, CBLEB corrected cyclophosphamide-induced dysbiosis of the gut microbiota and eliminated all cyclophosphamide-induced alterations at the phylum level in rat feces, including the enrichment in Proteobacteria, Fusobacteriota, and Actinobacteriota and depletion of Spirochaetota and Cyanobacteria. Furthermore, CBLEB treatment alleviated cyclophosphamide-induced alterations in the whole fecal metabolome profile, including enrichment in 1-heptadecanol, succinic acid, hexadecane-1,2-diol, nonadecanoic acid, and pentadecanoic acid and depletion of benzenepropanoic acid and hexane. CBLEB treatment also alleviated cyclophosphamide-induced enrichment in serum D-lyxose and depletion of serum succinic acid, D-galactose, L-5-oxoproline, L-alanine, and malic acid. The results of transcriptome analysis indicated that the mechanism of the effect of CBLEB was related to the induction of recovery of cyclophosphamide-altered carbohydrate metabolism and signal transduction. In conclusion, the present study provides an experimental basis and comprehensive analysis of application of CBLEB for the treatment of immunodeficiency.
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Introduction

The immune system is ubiquitous throughout the body and involves a variety of molecules, cells, tissues, and organs (1). The immune system can recognize and remove foreign antigens, such as microbes and pollutants, to resist the attacks by these agent and can distinguish between self and nonself to recognize and remove mutated tumor cells, aging cells, dead cells, and other harmful components of the body at any time, maintaining a stable internal environment through autoimmune tolerance and immune regulation (2). However, immune dysfunction may be induced by various conditions, such as environmental pollution, unhealthy lifestyle, aging, stress, disease, radiotherapy, and chemotherapy (3). Therefore, recent studies have focused on the strategies that maintain or promote a balance of the immune system to delay aging and reduce incidence of infections, tumors, and other related diseases (4), including specific resistance to the SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) pathogen causing the pandemic.

The gut microbiota are necessary for the development and maintenance of the human immune system. Deficiencies of the microbiota lead to incomplete development of the immune system (5). Comparison with specific pathogen-free (SPF) mice indicated that germ-free mice manifest an expanded decrease in the number of T cells and other immune cells and impaired antibody secretion and immune responses mediated by these cells (6). Similarly, the immunity of SPF animals, in which the gut microbiota was destroyed using broad spectrum antibiotics, is greatly affected; this influence is partially reflected by a reduction in the numbers of T and B cells in many tissues (5, 6). Correspondingly, many gut microbes have important immunoregulatory functions: segmented filamentous bacteria can induce Th17 cells; Clostridium species can cause the accumulation of Foxp3+ regulatory T cells; Bacteroides fragilis can induce CD4+ T cell-dependent and -independent immune responses; and Bifidobacterium bifidum strains can synergize with immune checkpoint inhibitors to reduce the tumor burden (7, 8). In this context, probiotics have become an important means for immune regulation, health maintenance, and disease prevention.

Cyclophosphamide is a cytotoxic alkylating agent mainly used for the treatment of stage III and IV malignant lymphomas. Other indications of cyclophosphamide include breast cancer, disseminated neuroblastoma, retinoblastoma, pediatric minimal change nephrotic syndrome, and ovarian adenocarcinoma. However, cyclophosphamide has some side effects, such as hemorrhagic cystitis and alopecia. Moreover, cyclophosphamide is an immunosuppressive agent most commonly used for the treatment of many autoimmune diseases and as immunosuppressive therapy during blood and marrow transplantations (9). Administration of cyclophosphamide can suppress the immune response of modulatory lymphocytes (10). Cyclophosphamide-treated immunosuppressed rats are an animal model often used for evaluation of immunoregulatory effects of immunomodulatory compounds (11–13).

A combination of live Bifidobacterium, Lactobacillus, Enterococcus, and Bacillus (CBLEB) is a probiotic drug widely used in China. CBLEB is formulated from Bifidobacterium infantis CGMCC0460.1, Lactobacillus acidophilus CGMCC0460.2, Enterococcus faecalis CGMCC0460.3, and Bacillus cereus CGMCC0460.4. The present study aimed to investigate the mechanism of the regulatory effect of CBLEB using a cyclophosphamide-immunosuppressed rat model.



Methods


Probiotics

Probiotic powders of Bifidobacterium infantis CGMCC0460.1, Lactobacillus acidophilus CGMCC0460.2, Enterococcus faecalis CGMCC0460.3, and Bacillus cereus CGMCC0460.4 were purchased from Hangzhou Yuanda Biopharmaceutical Co., Ltd. Probiotic powders were dissolved in sterile saline to prepare CBLEB solution (Bifidobacterium infantis, 1.41 × 107 CFU/mL; Lactobacillus acidophilus, 1.41 × 107 CFU/mL; Enterococcus faecalis, 1.41 × 106 CFU/mL; and Bacillus cereus, 1.41 × 105 CFU/mL) for subsequent use.



Animal Experiment

Twenty-seven SPF male Sprague-Dawley (SD) rats weighing 200-300 g were randomly divided into three groups of nine rats per group. Rats in the cyclophosphamide model (CTX) group were intraperitoneally injected with cyclophosphamide and gavaged with normal saline. Rats in the CBLEB treatment (CTX+CBLEB) group were intraperitoneally injected with cyclophosphamide and gavaged with CBLEB solution. Rats in the healthy control (HC) group were intraperitoneally injected with normal saline and gavaged with normal saline. The animals were maintained on a 12-h light:12-h dark cycle at room temperature (22 ± 2°C). All animal experiments were reviewed and approved by the Animal Care and Use Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University.

On days 1, 2, 3, and 10, cyclophosphamide (40 mg/kg) was intraperitoneally injected in rats of the CTX and CTX+CBLEB groups, and normal saline was injected in the animals of the HC group. Starting from day 4, the rats in the CTX+CBLEB group were continuously gavaged with CBLEB solution (Bifidobacterium infantis, 4.7 × 107 CFU/kg; Lactobacillus acidophilus, 4.7 × 107 CFU/kg; Enterococcus faecalis, 4.7 × 106 CFU/kg; and Bacillus cereus, 4.7 × 105 CFU/kg) for 15 days; rats in the HC and CTX groups were administered normal saline for 15 days. Rats were anesthetized with 400 mg/kg chloral hydrate by intraperitoneal injection on day 19. Blood, liver, spleen, lung, colon, thymus, and fecal samples were collected and immediately used or stored at -80°C until use.



Routine Blood Tests and Liver and Kidney Function Tests

Routine blood tests, such as white blood cell, neutrophil, lymphocyte, monocyte, eosinophil, and basophil counts (BA), were performed using an XN-2000 automatic hematology analyzer (Sysmex, Tokyo, Japan). Liver and kidney function tests (total protein, albumin, globulin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin, direct bilirubin, indirect bilirubin, γ-glutamyltransferase (GGT), creatinine, urea nitrogen, and uric acid) were performed using an automatic biochemical analyzer (Hitachi 7600–210; Tokyo, Japan).



Detection of Serum Cytokines

The levels of the following 23 cytokines in the serum were determined using a Bio-Plex Pro™ rat cytokine 23-plex assay kit (Bio-Rad Laboratories, Hercules, CA, USA): interleukin-1α (IL-1α), IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17A, IL-18, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1α (MIP-1α), MIP-3α, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), vascular endothelial growth factor (VEGF), growth-regulated α protein (GRO/KC), and regulated upon activation, normal T-cell expressed and secreted protein (RANTES).



Amplification, Sequencing, and Analysis of the 16S rDNA V3-V4 Region

Fecal DNA was extracted using a QIAamp fast DNA stool mini kit (Qiagen, Hilden, Germany). The 16S rDNA V3-V4 region was amplified by PCR using the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). PCR was performed under the following conditions: start at 95°C for 5 min; 25 cycles at 94°C for 50 s, 46°C for 1 min, and 72°C for 30 s; and a final extension step at 72°C for 5 min (14, 15). The libraries were prepared for Illumina sequencing using a NEXTflex rapid DNA-seq kit (Bioo Scientific, Austin, TX, USA) according the manufacturer’s instructions. DNA sequencing was performed on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) using the paired-end mode (2 × 300-bp pair ends).

The raw reads were cleaned, filtered and merged using FLASH v1.2.8. Vsearch v2.3.4 was used to select operational taxonomic units (OTUs) with sequence similarity greater than 97%. QIIME (Quantitative Insights Into Microbial Ecology) v1.9.1 was used for OTU clustering, identification based on the Greengenes and NCBI 16S Microbial databases, and subsequent statistical analysis of microbial diversity and differential enrichment.



Assay of Fecal and Serum Metabolites

The metabolome was assayed as described previously (16, 17). Briefly, 20 mg of feces or 200 μL of the serum was added to 800 μL of precooled chromatography grade methanol (Sigma-Aldrich, St. Louis, MO, USA). The fecal mixture was then homogenized three times using a Precellys Evolution instrument (Bertin Technologies, USA) at 5,000 rpm for 30 s with 15 s intervals between the rounds, and the serum mixture was fully mixed using a vortex. All samples were incubated at 4°C overnight and centrifuged at 14,000 rpm for 15 min; the supernatants were filtered through a 0.22 μm membrane. Subsequently, 20 μL of heptadecanoic acid (1 mg/mL) was added to all filtrates as an internal reference. The samples were dried under nitrogen at room temperature, and 50 μL of methoxamine/pyridine (14 mg/mL) was added. The samples were fully mixed, sealed, and incubated at 37°C for 24 h, and 50 μL of N,O-bis(trimethylsilyl)acetamide containing 1% trimethylchlorosilane was added to the samples. The samples were fully mixed and incubated at 70°C for 2 h. The samples were analyzed using an Agilent 7890A-5975C gas chromatography-mass spectrometry (GC-MS) system (Agilent, USA) as described previously. Metabolites were identified using the NIST 17 resources, and the data were analyzed using SIMCA software (v14.1).



Extraction of Tissue RNA and Transcriptome Analysis

Total RNA was extracted from the spleen and colon using an RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA). The library was constructed using a NEBNext® Ultra™ RNA library prep kit (Illumina). cDNA (250-300 bp) was screened using an AMPure XP system (Beckman Coulter, Beverly, MA, USA). Preliminary quality of the constructed library was determined using a Qubit2.0 fluorometer (Invitrogen, Carlsbad, CA, USA); the insert size was verified using an Agilent 2100 bioanalyzer (Agilent Technologies, CA, USA), and effective concentration was quantified by qRT-PCR using a QuantStudio 12K Flex real-time PCR system (Thermo Fisher Scientific, USA). Sequencing was performed on an Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA) using the paired-end mode (2 × 150 bp). The raw data were trimmed using Trimmomatic to generate the clean data (18). HISAT2 v2.0.5 was used to generate an index of the reference genomes and to align paired-end clean reads with a reference genome. StringTie (1.3.3b) was used to assemble novel transcripts. The expression value (fragments per kilobase of transcripts per million mapped fragments, FPKM) of each gene was calculated using FeatureCounts (1.5.0-p3). DESeq2 (1.16.1) was used to analyze differential expression between two groups. ClusterProfiler (3.4.4) was used to analyze statistical enrichment in differentially expressed genes of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



RT-qPCR Analysis

Some representative genes detected by transcriptome analysis were validated by reverse transcription quantitative PCR (RT-qPCR). Total RNA was extracted from the spleen and colon using an RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA). Total RNA was converted into cDNA using a PrimeScript™ RT reagent kit (Takara Biomedicals, Kusatsu, Japan) and assayed by RT-qPCR with Premix Ex Taq (Takara Biomedicals, Kusatsu, Japan) on a ViiA7 real-time PCR system (Applied Biosystems, Waltham, Massachusetts, USA). The primer sequences for the indicated genes are provided in Supplementary Table 3. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. Transcription of the genes was recalculated into relative expression normalized against internal control, and the data were used in subsequent analysis.



Histopathological Evaluation

The liver, spleen, lung, and colon tissues (0.5 × 0.5 × 0.5 cm) were fixed in 10% neutral formaldehyde solution, dehydrated, embedded in paraffin wax, cut into sections, and stained using hematoxylin and eosin (H&E). The sections were scanned with a section scanner, and the images were used to evaluate the degree of tissue damage, inflammation, and necrosis in the liver, spleen, lung, and colon. Hepatic injuries were assessed based on the histological activity index (HAI) (15). Intestinal mucosal injury was graded from 0 to 5 points (14). Pulmonary histological damage was quantified using the American Thoracic Society 2010 Lung Injury Scoring System (19). The pathological severity score of the spleen was graded from 0 to 3 points as described previously (20).



Statistics

The following parameters were compared between the groups: body weight, spleen index, thymus index, routine blood biomarkers, liver and kidney functions, serum cytokine levels, α-diversity of the gut microbiota, and fecal metabolites. The Kolmogorov-Smirnov test was used to determine whether the data are normally distributed within a group. Subsequently, one-way ANOVA was used to compare normally distributed data; otherwise, the Mann-Whitney U test was used for comparison. The Wilcoxon rank sum test combined with the Benjamini-Hochberg method was used to compare relative abundances of intestinal bacteria between various groups. The data are expressed as the mean ± SEM (standard error of the mean) unless specified otherwise. A two-tailed P value or Padj less than 0.05 was considered statistically significant.




Results


CBLEB Reduces Cyclophosphamide-Induced Death, Weight Loss, Immune Dysfunction, and Organ Damage in Rats

During the experiment, the body weight of rats in the HC group was steadily increased. However, intraperitoneal injection of cyclophosphamide induced weight loss in rats. The body weight of rats in the CTX group was significantly lower than that of rats in the HC group starting from day 3, and the body weight was decreased more rapidly after fourth intraperitoneal injection of cyclophosphamide on day 10. Intragastric administration of CBLEB significantly reduced the weight loss induced by cyclophosphamide in rats (Figure 1A). At the end of the experiment, three (33%) rats in the CTX group died; however, no rats died in the HC and CTX+CBLEB groups. These results indicated that CBLEB can alleviate cyclophosphamide-induced death and weight loss.




Figure 1 | CBLEB reduces cyclophosphamide-induced death, weight loss, immune dysfunction, and organ damage. (A) Weight plot (*P < 0.05; **P < 0.01; ***P < 0.001 versus the CTX group), (B) thymus and spleen indexes, (C) mean corpuscular hemoglobin and red cell distribution width in the serum samples, (D) concentrations of total protein, albumin, GGT, creatinine, blood urea, M-CSF, and MIP-3α in the serum samples; (E) representative images of the spleen, colon, liver, and lung samples stained by H&E and the corresponding histological scores in the CTX (n = 6), CTX+CBLEB (n = 9), and HC (n = 9) groups. *P < 0.05; **P < 0.01; ***P < 0.001; ##Padj < 0.01.



Intragastric administration of CBLEB suppressed a cyclophosphamide-induced increase in the mean hemoglobin content and a decrease in the red blood cell distribution width; as a result, the differences in these two indexes between the CTX+CBLEB and HC groups were not significant (Figure 1C). Furthermore, intragastric administration of CBLEB significantly reduced a cyclophosphamide-induced decrease in total protein, albumin, and creatinine and an increase in GGT levels (Figure 1D). Additionally, treatment with CBLEB eliminated a cyclophosphamide-induced increase in serum urea nitrogen (Figure 1D). The results of serum cytokine assays indicated that intraperitoneal injection of cyclophosphamide induced an increase in the serum levels of M-CSF (Padj = 1.57E-03) and MIP-3α (Padj = 2.96E-03), and these changes were reversed by CBLEB treatment. (Figure 1D).

CBLEB alleviated organ damage induced by cyclophosphamide. The thymus index in the CTX and CTX+CBLEB groups was significantly lower than that in the HC group (Figure 1B), indicating that cyclophosphamide has a strong immunosuppressive effect. The spleen index in the CTX+CBLEB group was significantly higher than that in the HC group (Figure 1B). This finding may be due to compensatory enlargement of the spleen caused by CBLEB under immunodeficient conditions, and this compensatory effect may improve the host immunity. The data of H&E staining revealed hemosiderin deposition in the spleen in the CTX group, but not in the CTX+CBLEB group, and significant alleviation of splenic congestion was observed in the CTX+CBLEB group compared with congestion detected in the CTX group (Figure 1E). The villi and crypts of the colon were arranged tightly and neatly in the HC group but were partially destroyed in the CTX group, and the number of colonic glands was decreased in the CTX group. CBLEB treatment did not induce detectable colon injury (Figure 1E). Significant vascular damage was observed in the liver in the CTX group but was not detected in the CTX+CBLEB group (Figure 1E). Inflammatory exudations and a large number of plasma cells were observed in the lungs in the CTX group. CBLEB treatment decreased both lung injury and inflammatory cell infiltration (Figure 1E). The histological scores of the liver, colon, lung, and spleen were significantly higher in the CTX group than those in the HC group. CBLEB treatment significantly lowered the histological scores in the colon, lung, and spleen (Figure 1E).



CBLEB Improves Cyclophosphamide-Induced Dysbiosis of the Gut Microbiota

No significant differences in the Shannon index were observed between the HC, CTX, and CTX+CBLEB groups, indicating similar community diversity in these groups (Figure 2A). The Chao1 and ACE (abundance-based coverage estimator) indexes in the CTX group were significantly lower than those in the HC group, indicating that the richness of fecal microbiota in rats was significantly reduced after cyclophosphamide administration. Intragastric administration of CBLEB reversed a cyclophosphamide-induced reduction in the Chao1 index, and the index was not different between the CTX+CBLEB and HC groups (Figure 2A). The results of principal coordinate analysis (PCoA) indicated that the fecal microbiota profiles in the HC, CTX, and CTX+CBLEB groups formed three clusters due to significant differences in the composition of fecal microbiota between these groups (Figure 2B). This result was confirmed by ANOSIM (analysis of similarity) (P = 0.001).




Figure 2 | CBLEB reverses cyclophosphamide-induced dysbiosis of the gut microbiota. (A) Box plot of species richness and flora diversity estimated based on the Chao1, ACE, and Shannon indexes. (B) Two-dimensional PCoA plot based on the Bray-Curtis matrix confirmed by ANOSIM. (C–E) Alterations in relative abundance of bacterial taxa in the CTX (n = 6), CTX+CBLEB (n = 8), and HC (n = 9) groups at the phylum (C), family (D), and genus (E) levels. *P < 0.05; #Padj < 0.05.



Intragastric administration of CBLEB greatly reduced the changes in fecal bacterial taxa caused by cyclophosphamide. First, the results of phylum-level analysis indicated that cyclophosphamide induced enrichment in Proteobacteria, Fusobacteriota, and Actinobacteriota and depletion of Spirochaetota and Cyanobacteria in rat feces, and CBLEB treatment eliminated cyclophosphamide-induced alterations in all these phyla (Figure 2C). Second, at the family level, cyclophosphamide induced enrichment in Erysipelotrichaceae, Clostridiaceae, Marinifilaceae, Bifidobacteriaceae, and Atopobiaceae and depletion of Prevotellaceae, Ruminococcaceae, and Gastranaerophilales (unranked) in rat feces. CBLEB treatment eliminated enrichment in Clostridiaceae and depletion of Prevotellaceae and Gastranaerophilales (unranked) induced by cyclophosphamide (Figure 2D). Third, the results of genus-level analyses indicated that cyclophosphamide induced enrichment in Clostridium sensu stricto 1, Allobaculum, Bifidobacterium, Dubosiella, Faecalibaculum, Morganella, Coriobacteriaceae UCG-002, and Eggerthellaceae unclassified and depletion of Prevotella, Ruminococcus, Roseburia, and Lachnospiraceae FCS020 group in rat feces. CBLEB treatment eliminated cyclophosphamide-induced enrichment in Clostridium sensu stricto 1, Dubosiella, Faecalibaculum, Morganella, and Eggerthellaceae unclassified and depletion of Prevotella, Roseburia, and Lachnospiraceae FCS020 group (Figure 2E).



CBLEB Alleviates Cyclophosphamide-Induced Disorder of Gut Metabolism in Rats

Investigation of therapeutic effect of CBLEB on cyclophosphamide-injected rats using GC/MS identified a total of 112 fecal metabolites. The data of the orthogonal projections to latent structures discriminant analysis (OPLS-DA) plot indicated that the samples of the CTX group were clustered separately from the samples of the HC group, indicating that metabolome profiles of the two groups were completely different (Figure 3A). Analysis using variable influence on projection (VIP) values higher than 1.5 as a threshold demonstrated that various metabolites were very important for discrimination of the CTX group from the HC group by the OPLS-DA model; these metabolites included benzenepropanoic acid, arachidonic acid, 18-methyl-nonadecanol, 1-heptadecanol, (Z,Z)-9,12-octadecadienoic acid, D-fructose, hexadecane-1,2-diol, glycerol, nonadecanoic acid, and 4-hydroxybenzeneacetic acid (Figure 3B).




Figure 3 | CBLEB alleviates cyclophosphamide-induced gut metabolism disorder. (A) OPLS-DA plot illustrating clear separation of gut metabolic profiles of the CTX (n = 6) and HC (n = 9) groups. (B) VIP values of 10 metabolites with the highest contribution to the differences between the CTX and HC groups. (C) Levels of eight metabolites reduced in the CTX group compared with those in the HC group. (D) Levels of six metabolites that were increased in the CTX group compared with those in the HC group. (E) OPLS-DA plot illustrating that gut metabolic profiles of the CTX+CBLEB (n = 8) group were in distinguishable from those of the HC (n = 9) group. (*P < 0.05; **P < 0.01; ***P < 0.001).



Subsequently, we explored the differences in individual fecal metabolite between the CTX and HC groups. On the one hand, intraperitoneal injection of cyclophosphamide induced depletion of eight fecal metabolites (benzenepropanoic acid, (Z,Z)-9,12-octadecadienoic acid, hexanoic acid, glycerol, hexane, D-fructose, D-glucose, and L-rhamnose), suggesting that cyclophosphamide treatment may induce a reduction in the production or an increase in demand in the case of these compounds (Figure 3C). On the other hand, intraperitoneal injection of cyclophosphamide caused enrichment in six fecal metabolites (1-heptadecanol, 18-methyl-nonadecanol, succinic acid, hexadecane-1,2-diol, nonadecanoic acid, and pentadecanoic acid), indicating that cyclophosphamide treatment may induce an increase in the production or a decrease in utilization in the case of these compounds (Figure 3D).

OPLS-DA analysis was unable to distinguish fecal samples of the CTX+CBLEB group from those of the HC group, indicating that the overall metabolome profiles of the two groups were similar (Figure 3E). In the case of individual metabolites, CBLEB alleviated cyclophosphamide-induced enrichment in 1-heptadecanol, succinic acid, hexadecane-1,2-diol, nonadecanoic acid, and pentadecanoic acid in rat feces on the one hand; the levels of these five compounds in the CTX+CBLEB group were significantly lower than those in the CTX group (Figure 3D). On the other hand, CBLEB alleviated cyclophosphamide-induced depletion of benzenepropanoic acid and hexane; the levels of these two compounds in the CTX+CBLEB group were significantly higher than those in the CTX group (Figure 3C). These results indicated that intragastric administration of CBLEB can be used to treat cyclophosphamide-induced gut metabolic disorder in rats.



CBLEB Alleviates Cyclophosphamide-Induced Disorder of Serum Metabolism in Rats

GC/MS-based investigation of the therapeutic mechanism of CBLEB in cyclophosphamide-injected rats identified a total of 60 metabolites in the serum. The data of OPLS-DA indicated that the samples of the CTX and HC groups are clearly divided into two clusters, indicating that metabolome profiles of these two groups were different (Figure 4A). A threshold VIP value higher than 1.5 was used to identify nine metabolites (D-xylose, D-galactose, D-lyxose, methyl-alpha-D-glucofuranoside, citric acid, D-galacturonic acid, malic acid, (Z,Z)-9,12-octadecadienoic acid, and L-alanine) important for the OPLS-DA model (Figure 4B). We then compared the levels of individual serum metabolite between the CTX and HC groups. Intraperitoneal injection of cyclophosphamide induced depletion of 2,3-dihydroxybutanoic acid, citric acid, D-galactose, D-xylose, malic acid, succinic acid, L-5-oxoproline, and L-alanine and enrichment in D-lyxose, D-mannitol, and 3-hydroxybutyric acid in rat serum (Figures 4C, D).




Figure 4 | CBLEB alleviates cyclophosphamide-induced serum metabolism disorders. (A) OPLS-DA plot illustrating clear separation of serum metabolic profiles of the CTX (n = 6) and HC (n = 9) groups. (B) VIP values of nine metabolites with the highest contribution to the differences between the CTX and HC groups. (C) Metabolites depleted after cyclophosphamide treatment and changes in their levels after CBLEB treatment. (D) Metabolites enriched after cyclophosphamide treatment and changes in their levels after CBLEB treatment. (E) OPLS-DA plot illustrating clear separation of serum metabolic profiles of the CTX+CBLEB (n = 8) and HC groups (n = 9). (*P < 0.05; **P < 0.01; ***P < 0.001).



The metabolome profile of the CTX+CBLEB group was clustered separately from that of the HC group, indicating that CBLEB treatment did not completely reverse cyclophosphamide-induced alterations in the serum metabolome profile in rats (Figure 4E). However, CBLEB treatment alleviated cyclophosphamide-induced enrichment in D-lyxose and depletion of succinic acid, D-galactose, L-5-oxoproline, L-alanine, and malic acid, indicating potential regulation of metabolism of cyclophosphamide-injected rats by treatment with CBLEB (Figures 4C, D).



CBLEB Partially Recovers Cyclophosphamide-Induced Alterations in Metabolism and Signal Transduction Pathways in the Spleen and Colon

Intraperitoneal injection of cyclophosphamide increased the levels of the transcripts of 3,306 genes and decreased the levels of the transcripts of 2,794 genes in the spleen (Padj < 0.05). The results of KEGG pathway analysis indicated that cyclophosphamide induced downregulation of 33 signaling pathways, including 10 pathways of the immune system (e.g., T cell receptor signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, B cell receptor signaling pathway, and Toll-like receptor signaling pathway); seven signal transduction pathways were downregulated, including the NF-kappa B, MAPK, and TNF signaling pathways. Some other important pathways were also downregulated, including PD-L1 expression and the PD-1 checkpoint pathway related to cancer (Supplementary Table 1). Moreover, 30 signaling pathways were upregulated by cyclophosphamide treatment, including seven metabolic pathways (e.g., glycolysis/gluconeogenesis, the pentose phosphate pathway, starch and sucrose metabolism, and oxidative phosphorylation), seven human disease pathways (e.g., Parkinson’s disease, Huntington’s disease, and Alzheimer’s disease), four cell growth and death pathways (e.g., the cell cycle and p53 signaling pathway), four replication and repair pathways (e.g., DNA replication and homologous recombination), and other critical pathways (e.g., the cell cycle and DNA replication) (Supplementary Table 1).

Intragastric administration of CBLEB induced significant downregulation of the NOD-like receptor signaling pathways, Staphylococcus aureus infection, and starch and sucrose metabolism and upregulation of the mineral absorption pathway in the spleen of cyclophosphamide-injected rats (Figure 5A). Furthermore, CBLEB reversed downregulation of 14 signaling pathways caused by cyclophosphamide, including five signal transduction pathways (the MAPK, Rap1, Hedgehog, TGF-beta, and TNF pathways), four disease-related signaling pathways (transcriptional misregulation in cancer, fluid shear stress and atherosclerosis, the AGE-RAGE signaling pathway in diabetic complications, and Yersinia infection), and some other important pathways (e.g., the Toll-like receptor signaling pathway) (Figure 5A). Moreover, CBLEB abolished cyclophosphamide-induced upregulation of seven signaling pathways, including three metabolism-related signaling pathways (the pentose phosphate, galactose metabolism, and phagosome pathways) and pathways related to gap junctions, retrograde endocannabinoid signaling, and bladder cancer (Figure 5A). These results indicated that CBLEB plays an important role in the maintenance of immunity, metabolism, and important life processes in cyclophosphamide-injected rats.




Figure 5 | Pathways altered by cyclophosphamide and alleviated by CBLEB in the spleen and colon. (A) Pathways upregulated or downregulated by cyclophosphamide and alleviated by CBLEB in the spleen. (B) Pathways upregulated or downregulated by cyclophosphamide and alleviated by CBLEB in the colon. (n = 3 in all groups; black vertical lines represent -Log2 Padj = 4.32 corresponding to Padj = 0.05).



Intraperitoneal injection of cyclophosphamide induced an increase in the levels of the transcripts of 350 genes and a decrease in the levels of the transcripts of 414 genes in the rat colon. The results of KEGG analysis indicated that cyclophosphamide induced downregulation of 22 signaling pathways in the colon, including three signal transduction pathways (PI3K-Akt, calcium, and phospholipase D), nine disease-related signaling pathways (some of which are specifically associated with parasite infections, e.g., African trypanosomiasis, amoebiasis, and malaria), three immune pathways (intestinal immune network for IgA production, hematopoietic cell lineage, and platelet activation), two digestive pathways (pancreatic secretion and protein digestion and absorption), and other important pathways (e.g., focal adhesion) (Supplementary Table 2). Moreover, cyclophosphamide induced upregulation of 25 signaling pathways in the colon tissue, including four immune pathways (complement and coagulation cascades, NOD-like receptor signaling pathway, antigen processing and presentation, and cytosolic DNA-sensing pathway), 14 disease-related pathways (some of which are specifically associated with eight bacterial infection and viral pathways, e.g., Staphylococcus aureus infection, pertussis, influenza A, and hepatitis C), and other important signaling pathways (e.g., nitrogen metabolism) (Supplementary Table 2).

Intragastric administration of CBLEB alleviated cyclophosphamide-induced disturbances of the signaling pathways in the colon. First, CBLEB significantly reduced nitrogen metabolism, drug metabolism-cytochrome P450, drug metabolism-other enzymes, PPAR signaling pathway, complement and coagulation cascades, and chemical carcinogenesis and significantly upregulated purine metabolism, the AGE-RAGE signaling pathway in diabetic complications, and protein digestion and absorption (Figure 5B). Second, CBLEB reversed cyclophosphamide-induced alterations in some pathways in the colon; these pathways were different between the CTX and HC groups but not between the CTX+CBLEB and HC groups. These cyclophosphamide-induced alterations reversed by CBLEB included downregulation of the calcium signaling pathway, platelet activation, inflammatory mediator regulation of TRP channels, ovarian steroidogenesis, malaria, proteoglycans in cancer, dilated cardiomyopathy, upregulation of cytokine-cytokine receptor interaction, phagosomes, cell adhesion molecules, antigen processing and presentation, type I diabetes mellitus, Staphylococcus aureus infection, herpes simplex virus 1 infection, autoimmune thyroid disease, allograft rejection, graft-versus-host disease, and viral myocarditis (Figure 5B). Third, CBLEB altered some pathways in the colon of cyclophosphamide-injected rats; however, the corresponding differences between the CTX and HC groups were not significant. CBLEB predominantly downregulated steroid hormone biosynthesis, valine, leucine, and isoleucine degradation, pantothenate and CoA biosynthesis, retinol metabolism, metabolism of xenobiotics by cytochrome P450, renin secretion, proximal tubule bicarbonate reclamation, fat digestion and absorption, bile secretion, and cholesterol metabolism and upregulated steroid biosynthesis, pyrimidine metabolism, the cell cycle, oocyte meiosis, the p53 signaling pathway, progesterone-mediated oocyte maturation, aldosterone-regulated sodium reabsorption, microRNAs in cancer, and small cell lung cancer (Figure 5B).

To validate the results of transcriptome assays, we performed RT-qPCR analysis of representative genes in the colon (Tlr4 and Tlr5) and spleen (Nf-κb and Tjp1). The data indicated that the expression of these genes was similar to the levels obtained by transcriptome analysis (Supplementary Figure 1).


Associations of CBLEB-Influenced Fecal Bacteria, Fecal and Serum Metabolites, and Gut and Spleen Genes

The levels of fecal bacteria and metabolites, which were altered by cyclophosphamide and reversed by CBLEB, were substantially correlated with each other. Primarily, the levels of 1-heptadecanol, succinic acid, hexadecane-1,2-diol, nonadecanoic acid, and pentadecanoic acid were positively correlated with the levels of at least one representative of Actinobacteriota, Fusobacteriota, Proteobacteria, Morganella, Clostridium sensu stricto 1, Dubosiella, and Faecalibaculum and negatively correlated with the levels of at least one representative of Spirochaetota, Cyanobacteria, Lachnospiraceae FCS020 group, Prevotella, and Roseburia. However, the correlations of the levels of these bacterial taxa with fecal levels of benzenepropanoic acid and hexane were opposite to correlations with other metabolites described above (Figure 6A).




Figure 6 | Associations between fecal bacteria, fecal and serum metabolites, and gut and spleen genes influenced by CBLEB. (A) Correlation of CBLEB-influenced fecal bacteria with fecal metabolites. (B) Correlation of CBLEB-influenced fecal bacteria and metabolites with blood cytokines, metabolites, and indicators of the liver and kidney functions. (C) Pathways identified based on the genes that were positively or negatively correlated with individual bacteria or metabolites according to the KEGG database analysis (P < 0.01). The correlation coefficients for individual bacteria or metabolites within the corresponding pathway are presented as the mean correlation coefficient of all genes in the pathway positively or negatively correlated with individual bacteria or metabolites. (D) Correlation of CBLEB-influenced fecal bacteria and metabolites with the gut genes (Padj < 0.01). (E) Correlation of CBLEB-influenced fecal bacteria and metabolites with the spleen genes (Padj < 0.05).



The levels of certain fecal microbiota and metabolites altered by cyclophosphamide and reversed by CBLEB were associated with some blood cytokines, metabolites, and indicators of the liver and kidney functions. Serum levels of GGT, the inflammatory cytokines M-CSF and MIP-3α, mean corpuscular hemoglobin, urea nitrogen, and D-lyxose were positively correlated with at least one representative of fecal Actinobacteriota, Proteobacteria, Fusobacteriota, Clostridium sensu stricto 1, Morganella, Dubosiella, and Faecalibaculum and with at least one of the fecal levels of succinic acid, 1-heptadecanol, and nonadecanoic acid. In contrast, the levels of total serum protein, albumin, red blood cell distribution width, D-galactose, L-alanine, and malic acid were negatively correlated with at least one representative of fecal Spirochaetota, Cyanobacteria, Prevotella, Roseburia, and Lachnospiraceae FCS020 group and with at least one of the fecal levels of pentadecanoic acid, succinic acid, 1-heptadecanol, nonadecanoic acid, and hexadecane-1,2-diol (Figure 6B).

More than 600 correlations were detected at Pajdust < 0.05 between fecal bacteria, metabolites, and gut genes whose levels were changed by cyclophosphamide and reversed by CBLEB. Genes that were positively or negatively correlated with individual bacteria or metabolites were used for KEGG pathway analysis (Figure 6C). The results indicated that all groups of the gut genes, which were positively correlated with fecal levels of hexane, Lachnospiraceae FCS020 group, Prevotella, or Roseburia and negatively correlated with fecal levels of Clostridiaceae, Clostridium sensu stricto 1, Dubosiella, Morganella, Actinobacteriota, Proteobacteria, nonadecanoic acid, or succinic acid, were mapped to the protein digestion and absorption pathway at a suitable significance level. The levels of the gut genes, which were positively correlated with the fecal levels of succinic acid, and all groups of the gut genes, which were negatively correlated with fecal levels of Clostridiaceae, Clostridium sensu stricto 1, Morganella, Actinobacteriota, or Proteobacteria, were mapped to the glycosphingolipid biosynthesis-ganglio series pathway at a suitable significance level. All groups of the gut genes, which were positively correlated with the levels of fecal hexane, Lachnospiraceae FCS020 group, Prevotella, and Roseburia and negatively correlated with the fecal levels of Clostridiaceae, Clostridium sensu stricto 1, Morganella, Actinobacteriota, and Proteobacteria, were mapped to the glycolysis pathway at a suitable significance level. All groups of gut genes, which were positively correlated with fecal levels of Clostridiaceae, Clostridium sensu stricto 1, Morganella, or Actinobacteriota, were mapped to the pertussis pathway. All groups of the gut genes, which were negatively correlated with fecal levels of hexadecane-1,2-diol and Proteobacteria, were mapped to the cytokine-cytokine receptor interaction pathway at a suitable significance level. Pajdust < 0.01 was used as the threshold to assess correlations between fecal bacteria or metabolites and the gut genes, including positive correlations of Lachnospiraceae FCS020 group with Trim46 and Slc13a1 and negative correlations of hexane with Col3a1 and Plekhd1 (Figure 6D).

At Pajdust < 0.05, the levels of certain fecal bacteria (Morganella and Clostridium sensu stricto 1) were positively correlated with certain spleen genes (Il12a and Ms4a2) and negatively correlated with other spleen genes (Cd24 and Ccr1l1). In contrast, the levels of certain fecal bacteria (Lachnospiraceae FCS020 group and Roseburia) were negatively correlated with certain spleen genes (Il12a and Ms4a2). Additionally, the level of hexane was negatively correlated with certain spleen genes (Fetub), and positively correlated with other genes, such as Ccr1l1 and Cd24 (Figure 6E). Only those spleen genes correlated with gut bacteria or metabolites, which were also negatively correlated with hexane, were significantly enriched in the phospholipase D signaling pathway according to the data of the KEGG pathway analysis (Figure 6C).





Discussion

Immunodeficiency is very common in suboptimal health status and during the development and/or treatment of some diseases. The mechanisms of interactions between the gut microbiota and immune deficiency are attracting increasing attention. The topics include the regulation of the gut microbiota to prevent the occurrence of and deterioration due to immunodeficiency, which have become important concepts in health promotion and disease prevention. CBLEB is a probiotic drug used by approximately 10 million patients every year to treat diarrhea, constipation, and functional dyspepsia. The results of the present study indicated that oral administration of CBLEB in a cyclophosphamide-injected rat model can reduce the damage to the spleen, liver, lung, and colon, alleviate an increase in the serum levels of M-CSF and MIP-3α, restore homeostasis of the gut microbiota and metabolome, and reduce dysbiosis of the serum metabolome. The mechanism underlying the effect of CBLEB is related to the regulation of immune, metabolic, and signal transduction pathways.

The results of the present study indicated that intragastric administration of CBLEB reduced the levels of inflammation and immune injury induced by cyclophosphamide in rats. First, CBLEB reversed a cyclophosphamide-induced increase in the mean hemoglobin content and a decrease in the red blood cell distribution width. This result indicated that CBLEB may contribute to the treatment of cyclophosphamide-induced myelosuppressive anemia and abnormalities of innate immunity related to hemoglobin and red blood cells (21). Second, CBLEB attenuated a cyclophosphamide-induced increase in the serum levels of M-CSF and MIP-3α. M-CSF and MIP-3α are the cytokines related to monocytes and macrophages (22, 23). Alleviation of the changes in M-CSF and MIP-3α by CBLEB indicated that this drug can reduce cyclophosphamide-related inflammation and infections. Third, the data of spleen transcriptome analysis revealed that cyclophosphamide significantly downregulated immune pathways (T cell receptor signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, B cell receptor signaling pathway, and Toll-like receptor signaling pathway), indicating that cyclophosphamide acts via an immunosuppressive mechanism. Intragastric administration of CBLEB alleviated cyclophosphamide-induced downregulation of the Toll-like receptor and NOD-like receptor signaling pathways, which partially reflects the mechanism of immune regulation by CBLEB (24, 25).

The results of the present study indicated that CBLEB can restore cyclophosphamide-induced dysbiosis of the gut microbiota. The data demonstrated enrichment in Proteobacteria members and depletion of Bacteroidetes (Prevotellaceae) and Firmicutes (Lachnospiraceae and Ruminococcaceae) in the feces of cyclophosphamide-injected rats. This finding is consistent with previous reports on cyclophosphamide-induced alterations in gut microbiota (26–30) and may result from cyclophosphamide-induced immunodeficiency because the results of the present study indicated that transcription of the components of the intestinal immune network for immunoglobulin A (IgA) production, hematopoietic cell lineages, and platelet activation was downregulated in cyclophosphamide-injected rats. In return, dysbiosis of the gut microbiota may further impair the health of the host. The levels of certain representative of Lachnospiraceae or Ruminococcaceae were reduced by cyclophosphamide, and these bacteria can produce short-chain fatty acids, particularly butyrate and propionate; Roseburia is a well-known butyrate-producing bacterium, and a decrease in Roseburia is considered a sign of dysbiosis in patients with ulcerative colitis (31). The levels of some representatives of Proteobacteria were enhanced by cyclophosphamide, and these bacteria are opportunistic pathogens (32). Similarly, the results of the present study indicated that various immune pathways (NOD-like receptor signaling pathway, antigen processing and presentation, complement and coagulation cascades, and cytosolic DNA-sensing pathway) and several infection-related pathways (Staphylococcus aureus infection, pertussis and influenza A) were upregulated by cyclophosphamide. Furthermore, the levels of the gut genes were positively correlated with the levels of Proteobacteria or negatively correlated with Roseburia, and these genes were mapped to the protein digestion and absorption pathway at a suitable significance level. CBLEB treatment reversed most of cyclophosphamide-induced alterations in the gut microbiota and cyclophosphamide-induced downregulation of platelet activation and upregulation of antigen processing and presentation, the complement and coagulation cascades, and infection-related pathways, such as Staphylococcus aureus infection, indicating that CBLEB contributed to the recovery of cyclophosphamide-induced alterations in interactions between the gut microbiota and immunity.

The gut microbiota modulates the anticancer immune effects of cyclophosphamide (33). Subsequent studies showed that antitumor efficacy of cyclophosphamide relies on two commensal species in the gut, Enterococcus hirae and Barnesiella intestinihominis, and these effects of the drug are limited by NOD2 receptors (34). Coincidentally, Enterococcus faecalis CGMCC0460.3, which is a strain belonging to the same genus as Enterococcus hirae, is a component of CBLEB; moreover, the NOD-like receptor signaling pathway was significantly downregulated in the spleen in the CTX+CBLEB group compared with that in the CTX group, suggesting that CBLEB may promote the antitumor effect of cyclophosphamide; these findings are worthy of additional studies.

CBLEB reversed overall disorder of gut metabolism induced by cyclophosphamide. In addition to direct contact, the gut microbiota can interact with the host through its metabolites (35). The results of the present study indicated that CBLEB reversed cyclophosphamide-induced alterations in the metabolome profile, including enrichment in 1-heptadecanol, succinic acid, hexadecane-1,2-diol, nonadecanoic acid, and pentadecanoic acid and depletion of benzenepropanoic acid and hexane. Human biosynthesis of these metabolites, with exception of succinic acid, has rarely been reported; therefore, alterations in the levels of all these compounds, even succinic acid, may be mainly related to alterations in the gut microbiota. Odd-numbered long-chain fatty acids, such as nonadecanoic acid and pentadecanoic acid, are primarily synthesized by microorganisms from propionic acid (36); pentadecanoic acid has various regulatory functions in cell signaling, glucose utilization, and maintenance of the integrity and stability of the gut epithelium. Fecal succinic acid is known as an intermediate for microbial synthesis of propionate and contributes to energy homeostasis (37). Benzenepropanoic acid is one of the adducts of phenylalanine decomposition by intestinal microbes (38), and the microbial metabolism pathways of hexadecane-1,2-diol and 1-heptadecanol are uncertain. These observations are in agreement with the results of correlation analysis of fecal metabolites and gut pathways obtained in the present study. For example, the results of the present study indicated that the gut protein digestion and absorption pathway was positively associated with fecal levels of hexane and negatively associated with fecal levels of nonadecanoic acid and succinic acid. Additionally, several studies used various analytical methods to demonstrate that cyclophosphamide can reduce the fecal levels of short-chain fatty acids beneficial to health (e.g., acetic acid, propionic acid, butyric acid, and valeric acid), and these effects are reversed after treatment with various agents, e.g., exopolysaccharides (26, 30). Detection of these compounds by different analytical methods may produce variable results (39); hence, these results in combination with the data of the present study more comprehensively describe the effects of cyclophosphamide and of the treatments by microbes or other substances on gut metabolism.

The results of the present study indicated that CBLEB partially restored cyclophosphamide-induced alterations in the serum metabolome. Blood is responsible for the transport of nutrients and metabolites throughout the body. CBLEB restored cyclophosphamide-induced enrichment in serum D-lyxose and depletion of serum succinic acid, D-galactose, L-5-oxoproline, L-alanine, and malic acid. D-lyxose is a rare pentose component of bacterial glycolipids and is not usually utilized by microbes (40). Succinic acid and malic acid are intermediate products produced in the biological tricarboxylic acid (TCA) cycle. Furthermore, in the serum, succinic acid plays cytokine-like roles, including promotion of the proliferation of hematopoietic cells mediated by phosphorylation of the ERK1/2 mitogen-activated protein kinase (MAPK) pathway and inositol phosphate accumulation in a pertussis toxin (PTX)-sensitive manner (41). Similarly, the results of the present study indicated that cyclophosphamide administration downregulated hematopoietic cell lineages, the MAPK signaling pathway, and the phosphatidylinositol signaling system in the spleen, and CBLEB administration reversed downregulation of the MAPK signaling pathway. Alanine is the second most abundant amino acid after glutamine in the circulation. Serum alanine is obtained from diet, transformation of glucose, or degradation of muscle protein during short-term starvation, acute exercise, or diseases (42). D-Galactose is a reducing sugar naturally present in the body and many foods and is important for human metabolism, including energy delivery and galactosylation (43). 5-Oxoproline is an important component of the γ-glutamyl cycle related to glutathione recycling, and glutathione levels are reduced due to conjugation with cyclophosphamide during detoxification (44). Therefore, alleviation of cyclophosphamide-induced dysbiosis of the serum metabolism by CBLEB partly reflects the mechanisms of the effects in cyclophosphamide-injected rats. A study used liquid chromatography and mass spectrometry to demonstrate that cyclophosphamide reduces the serum levels of lysophosphatidylcholine (LPC) (14:0), LPC (16:1), lysophosphatidylethanolamine (LPE) (18:2), LPC (22:6), and linoleic acid, which represents another aspect of the effect of cyclophosphamide on serum metabolism.

In addition to probiotics (27, 28, 45–47), some other orally administered agents, such as plant extracts, active components, and their derivatives, were shown to reduce immunotoxicity of cyclophosphamide in animals (48, 49). The effects of these substances are mediated by antioxidant and anti-inflammatory activities, protection of intestinal mucosal barrier, and maintenance of a balance of intestinal microbiota but are not limited to these mechanisms (48, 49). Nevertheless, the safety and effectiveness of most of these agents require further verification in humans. Intramuscular administration of rhG-CSF was reported to induce recovery from cyclophosphamide-induced leukopenia in mice (50). The study also identified cyclophosphamide-induced alterations in major signaling pathways in the spleen; however, the signaling pathways alleviated by CBLEB and rhG-CSF did not overlap. Specifically, rhG-CSF treatment alleviated cyclophosphamide-induced downregulation of cytokine-cytokine receptor interactions, the T cell receptor signaling pathway, and hematopoietic cell lineage and upregulation of the cell cycle, DNA replication, homologous recombination, mismatch repair, nucleotide excision repair, and pyrimidine metabolism. These findings correspond to potential differences in therapeutic mechanisms between rhG-CSF and CBLEB. The effects of rhG-CSF may be focused on the pathways related to DNA damage repair and metabolism of nucleotides and amino acids, and the effects of CBLEB may be focused on pathways related to signal transduction and on carbohydrate pathways; however, this conclusion is limited due to differences in animal models and methods.

In conclusion, CBLEB is a widely used probiotic drug that can significantly reverse immunodeficiency, alleviate systemic inflammation and metabolic dysbiosis, and restore the gut microbiota and metabolism in cyclophosphamide-injected rats. The mechanism of action of CBLEB is related to recovery of cyclophosphamide-altered carbohydrate metabolism and signal transduction. The present study provides an experimental foundation and comprehensive information on the application of CBLEB for the prevention and treatment of immunodeficiency, for promotion of the antitumor activity of cyclophosphamide, and for alleviation of toxicity and side effects of cyclophosphamide in the human body.
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References

1. Brodin, P, and Davis, MM. Human Immune System Variation. Nat Rev Immunol (2017) 17(1):21–9. doi: 10.1038/nri.2016.125

2. Cohen, IR, and Efroni, S. The Immune System Computes the State of the Body: Crowd Wisdom, Machine Learning, and Immune Cell Reference Repertoires Help Manage Inflammation. Front Immunol (2019) 10:10. doi: 10.3389/fimmu.2019.00010

3. Fali, T, Vallet, H, and Sauce, D. Impact of Stress on Aged Immune System Compartments: Overview From Fundamental to Clinical Data. Exp Gerontol (2018) 105:19–26. doi: 10.1016/j.exger.2018.02.007

4. Rankin, LC, and Artis, D. Beyond Host Defense: Emerging Functions of the Immune System in Regulating Complex Tissue Physiology. Cell (2018) 173(3):554–67. doi: 10.1016/j.cell.2018.03.013

5. Ruff, WE, Greiling, TM, and Kriegel, MA. Host-Microbiota Interactions in Immune-Mediated Diseases. Nat Rev Microbiol (2020) 18(9):521–38. doi: 10.1038/s41579-020-0367-2

6. Lv, L-X, Jiang, H-Y, Yan, R, and Li, L. Interactions Between Gut Microbiota and Hosts and Their Role in Infectious Diseases. Infect Microbes Dis (2019) 1(1):3–9. doi: 10.1097/IM9.0000000000000001

7. Mangalam, AK, and Ochoa-Repáraz, J. Editorial: The Role of the Gut Microbiota in Health and Inflammatory Diseases. Front Immunol (2020) 11:565305. doi: 10.3389/fimmu.2020.565305

8. Lee, SH, Cho, SY, Yoon, Y, Park, C, Sohn, J, Jeong, JJ, et al. Bifidobacterium Bifidum Strains Synergize With Immune Checkpoint Inhibitors to Reduce Tumour Burden in Mice. Nat Microbiol (2021) 6(3):277–88. doi: 10.1038/s41564-020-00831-6

9. Emadi, A, Jones, RJ, and Brodsky, RA. Cyclophosphamide and Cancer: Golden Anniversary. Nat Rev Clin Oncol (2009) 6(11):638–47. doi: 10.1038/nrclinonc.2009.146

10. Huyan, XH, Lin, YP, Gao, T, Chen, RY, and Fan, YM. Immunosuppressive Effect of Cyclophosphamide on White Blood Cells and Lymphocyte Subpopulations From Peripheral Blood of Balb/c Mice. Int Immunopharmacol (2011) 11(9):1293–7. doi: 10.1016/j.intimp.2011.04.011

11. Lee, HY, Park, YM, Kim, J, Oh, HG, Kim, KS, Kang, HJ, et al. Orostachys Japonicus A. Berger Extracts Induce Immunity-Enhancing Effects on Cyclophosphamide-Treated Immunosuppressed Rats. BioMed Res Int (2019) 2019:9461960. doi: 10.1155/2019/9461960

12. Wang, S, Huang, S, Ye, Q, Zeng, X, Yu, H, Qi, D, et al. Prevention of Cyclophosphamide-Induced Immunosuppression in Mice With the Antimicrobial Peptide Sublancin. J Immunol Res (2018) 2018:4353580. doi: 10.1155/2018/4353580

13. Noh, EM, Kim, JM, Lee, HY, Song, HK, Joung, SO, Yang, HJ, et al. Immuno-Enhancement Effects of Platycodon Grandiflorum Extracts in Splenocytes and A Cyclophosphamide-Induced Immunosuppressed Rat Model. BMC Complement Altern Med (2019) 19(1):322. doi: 10.1186/s12906-019-2724-0

14. Yan, R, Wang, K, Wang, Q, Jiang, H, Lu, Y, Chen, X, et al. Probiotic Lactobacillus Casei Shirota Prevents Acute Liver Injury by Reshaping the Gut Microbiota to Alleviate Excessive Inflammation and Metabolic Disorders. Microb Biotechnol (2021). doi: 10.1111/1751-7915.13750

15. Jiang, H, Yan, R, Wang, K, Wang, Q, Chen, X, Chen, L, et al. Lactobacillus Reuteri DSM 17938 Alleviates D-Galactosamine-Induced Liver Failure in Rats. Biomed pharmacother = Biomed pharmacotherapie (2021) 133:111000. doi: 10.1016/j.biopha.2020.111000

16. Lv, L, Jiang, H, Chen, Y, Gu, S, Xia, J, Zhang, H, et al. The Faecal Metabolome in COVID-19 Patients is Altered and Associated With Clinical Features and Gut Microbes. Anal Chim Acta (2021) 1152:338267. doi: 10.1016/j.aca.2021.338267

17. Ding, S, Ren, Y, Longxian, L, Huiyong, J, Yingfeng, L, Jifang, S, et al. The Serum Metabolome of COVID-19 Patients is Distinctive and Predictive. Metabolism (2021) 118:154739. doi: 10.1016/j.metabol.2021.154739

18. Bolger, AM, Lohse, M, and Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics (2014) 30(15):2114–20. doi: 10.1093/bioinformatics/btu170

19. Matute-Bello, G, Downey, G, Moore, BB, Groshong, SD, Matthay, MA, Slutsky, AS, et al. An Official American Thoracic Society Workshop Report: Features and Measurements of Experimental Acute Lung Injury in Animals. Am J Respir Cell Mol Biol (2011) 44(5):725–38. doi: 10.1165/rcmb.2009-0210ST

20. Xiping, Z, Ruiping, Z, Binyan, Y, Li, Z, Hanqing, C, Wei, Z, et al. Protecting Effects of a Large Dose of Dexamethasone on Spleen Injury of Rats With Severe Acute Pancreatitis. J Gastroenterol Hepatol (2010) 25(2):302–8. doi: 10.1111/j.1440-1746.2009.05999.x

21. Anderson, HL, Brodsky, IE, and Mangalmurti, NS. The Evolving Erythrocyte: Red Blood Cells as Modulators of Innate Immunity. J Immunol (2018) 201(5):1343–51. doi: 10.4049/jimmunol.1800565

22. Laoui, D, Van Overmeire, E, De Baetselier, P, Van Ginderachter, JA, and Raes, G. Functional Relationship Between Tumor-Associated Macrophages and Macrophage Colony-Stimulating Factor as Contributors to Cancer Progression. Front Immunol (2014) 5:489. doi: 10.3389/fimmu.2014.00489

23. Pan, X, Chiwanda Kaminga, A, Liu, A, Wen, SW, Chen, J, and Luo, J. Chemokines in Non-alcoholic Fatty Liver Disease: A Systematic Review and Network Meta-Analysis. Front Immunol (2020) 11:1802. doi: 10.3389/fimmu.2020.01802

24. Trindade, BC, and Chen, GY. NOD1 and NOD2 in Inflammatory and Infectious Diseases. Immunol Rev (2020) 297(1):139–61. doi: 10.1111/imr.12902

25. Cen, X, Liu, S, and Cheng, K. The Role of Toll-Like Receptor in Inflammation and Tumor Immunity. Front Pharmacol (2018) 9:878. doi: 10.3389/fphar.2018.00878

26. Huo, W, Feng, Z, Hu, S, Cui, L, Qiao, T, Dai, L, et al. Effects of Polysaccharides From Wild Morels on Immune Response and Gut Microbiota Composition in Non-Treated and Cyclophosphamide-Treated Mice. Food Funct (2020) 11(5):4291–303. doi: 10.1039/d0fo00597e

27. Zhang, N, Li, C, Niu, Z, Kang, H, Wang, M, Zhang, B, et al. Colonization and Immunoregulation of Lactobacillus Plantarum BF_15, a Novel Probiotic Strain From the Feces of Breast-Fed Infants. Food Funct (2020) 11(4):3156–66. doi: 10.1039/c9fo02745a

28. Kim, SY, Shin, JS, Chung, KS, Han, HS, Lee, HH, Lee, JH, et al. Immunostimulatory Effects of Live Lactobacillus Sakei K040706 on the CYP-Induced Immunosuppression Mouse Model. Nutrients (2020) 12(11):3573. doi: 10.3390/nu12113573

29. Huang, K, Yan, Y, Chen, D, Zhao, Y, Dong, W, Zeng, X, et al. Ascorbic Acid Derivative 2-O-β-D-Glucopyranosyl-L-Ascorbic Acid From the Fruit of Lycium Barbarum Modulates Microbiota in the Small Intestine and Colon and Exerts an Immunomodulatory Effect on Cyclophosphamide-Treated BALB/C Mice. J Agric Food Chem (2020) 68(40):11128–43. doi: 10.1021/acs.jafc.0c04253

30. Xie, Z, Bai, Y, Chen, G, Rui, Y, Chen, D, Sun, Y, et al. Modulation of Gut Homeostasis by Exopolysaccharides From Aspergillus Cristatus (MK346334), a Strain of Fungus Isolated From Fuzhuan Brick Tea, Contributes to Immunomodulatory Activity in Cyclophosphamide-Treated Mice. Food Funct (2020) 11(12):10397–412. doi: 10.1039/d0fo02272a

31. Machiels, K, Joossens, M, Sabino, J, De Preter, V, Arijs, I, Eeckhaut, V, et al. A Decrease of the Butyrate-Producing Species Roseburia Hominis and Faecalibacterium Prausnitzii Defines Dysbiosis in Patients With Ulcerative Colitis. Gut (2014) 63(8):1275–83. doi: 10.1136/gutjnl-2013-304833

32. Rizzatti, G, Lopetuso, LR, Gibiino, G, Binda, C, and Gasbarrini, A. Proteobacteria: A Common Factor in Human Diseases. BioMed Res Int (2017) 2017:9351507. doi: 10.1155/2017/9351507

33. Viaud, S, Saccheri, F, Mignot, G, Yamazaki, T, Daillere, R, Hannani, D, et al. The Intestinal Microbiota Modulates the Anticancer Immune Effects of Cyclophosphamide. Science (2013) 342(6161):971–6. doi: 10.1126/science.1240537

34. Daillere, R, Vetizou, M, Waldschmitt, N, Yamazaki, T, Isnard, C, Poirier-Colame, V, et al. Enterococcus Hirae and Barnesiella Intestinihominis Facilitate Cyclophosphamide-Induced Therapeutic Immunomodulatory Effects. Immunity (2016) 45(4):931–43. doi: 10.1016/j.immuni.2016.09.009

35. Agus, A, Clement, K, and Sokol, H. Gut Microbiota-Derived Metabolites as Central Regulators in Metabolic Disorders. Gut (2020) 70(6):1174–82. doi: 10.1136/gutjnl-2020-323071

36. Weitkunat, K, and Schumann, S. Odd-Chain Fatty Acids as a Biomarker for Dietary Fiber Intake: A Novel Pathway for Endogenous Production From Propionate.  Am J Clin Nutr (2017) 105(6):1544–51. doi: 10.3945/ajcn.117.152702

37. Canfora, EE, Meex, RC, Venema, K, and Blaak, EE. Gut Microbial Metabolites in Obesity, NAFLD and T2DM. Nat Rev Endocrinol (2019) 15(5):261–73. doi: 10.1038/s41574-019-0156-z

38. Wagner, AO, Prem, EM, Markt, R, Kaufmann, R, and Illmer, P. Formation of Phenylacetic Acid and Phenylpropionic Acid Under Different Overload Conditions During Mesophilic and Thermophilic Anaerobic Digestion. Biotechnol Biofuels (2019) 12(1):26. doi: 10.1186/s13068-019-1370-6

39. Yan, R, Jiang, H, Gu, S, Feng, N, Zhang, N, Lv, L, et al. Fecal Metabolites Were Altered, Identified as Biomarkers and Correlated With Disease Activity in Patients With Systemic Lupus Erythematosus in a GC-MS-Based Metabolomics Study. Front Immunol (2020) 11:2138. doi: 10.3389/fimmu.2020.02138

40. Huang, J, Chen, Z, Zhang, W, Zhang, T, and Mu, W. D-Lyxose Isomerase and its Application for Functional Sugar Production. Appl Microbiol Biotechnol (2018) 102(5):2051–62. doi: 10.1007/s00253-018-8746-6

41. Zaslona, Z, and O’Neill, LAJ. Cytokine-Like Roles for Metabolites in Immunity. Mol Cell (2020) 78(5):814–23. doi: 10.1016/j.molcel.2020.04.002

42. Adachi, Y, De Sousa-Coelho, AL, Harata, I, Aoun, C, Weimer, S, Shi, X, et al. l-Alanine Activates Hepatic AMP-Activated Protein Kinase and Modulates Systemic Glucose Metabolism. Mol Metab (2018) 17:61–70. doi: 10.1016/j.molmet.2018.08.002

43. Coelho, AI, Berry, GT, and Rubio-Gozalbo, ME. Galactose Metabolism and Health. Curr Opin Clin Nutr Metab Care (2015) 18(4):422–7. doi: 10.1097/MCO.0000000000000189

44. Cengiz, M, Sahinturk, V, Yildiz, SC, Sahin, IK, Bilici, N, Yaman, SO, et al. Cyclophosphamide Induced Oxidative Stress, Lipid Per Oxidation, Apoptosis and Histopathological Changes in Rats: Protective Role of Boron. J Trace elem Med Biol Organ Soc Miner Trace Elem (2020) 62:126574. doi: 10.1016/j.jtemb.2020.126574

45. Xie, JH, Fan, ST, Nie, SP, Yu, Q, Xiong, T, Gong, D, et al. Lactobacillus Plantarum NCU116 Attenuates Cyclophosphamide-Induced Intestinal Mucosal Injury, Metabolism and Intestinal Microbiota Disorders in Mice. Food Funct (2016) 7(3):1584–92. doi: 10.1039/c5fo01516b

46. Salva, S, Marranzino, G, Villena, J, Aguero, G, and Alvarez, S. Probiotic Lactobacillus Strains Protect Against Myelosuppression and Immunosuppression in Cyclophosphamide-Treated Mice. Int Immunopharmacol (2014) 22(1):209–21. doi: 10.1016/j.intimp.2014.06.017

47. Meng, Y, Wang, J, Wang, Z, Zhang, G, Liu, L, Huo, G, et al. Lactobacillus Plantarum KLDS1.0318 Ameliorates Impaired Intestinal Immunity and Metabolic Disorders in Cyclophosphamide-Treated Mice. Front Microbiol (2019) 10:731. doi: 10.3389/fmicb.2019.00731

48. Shirani, K, Hassani, FV, Razavi-Azarkhiavi, K, Heidari, S, Zanjani, BR, and Karimi, G. Phytotrapy of Cyclophosphamide-Induced Immunosuppression. Environ Toxicol Pharmacol (2015) 39(3):1262–75. doi: 10.1016/j.etap.2015.04.012

49. Sherif, I. Uroprotective Mechanisms of Natural Products Against Cyclophosphamide-Induced Urinary Bladder Toxicity: A Comprehensive Review. Acta scientiarum polonorum Technologia aliment (2020) 19(3):333–46. doi: 10.17306/J.AFS.0832

50. Guo, H, Sun, F, Huang, W, Liu, Z, Zhang, S, Zhou, Q, et al. The Effect of rhG-CSF on Spleen Transcriptome in Mouse Leukopenia Model Induced by Cyclophosphamide. Immunopharmacol immunotoxicology (2014) 36(2):114–23. doi: 10.3109/08923973.2013.869696



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Lv, Mu, Du, Yan and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-694344-g001.jpg





OEBPS/Images/fimmu-12-694344-g006.jpg
... ..... .. j’@ P N m. =
ooo.o o./i..«
ﬁ%ﬁé@%@f

gy e e X

P i
-
g

i o o0 o
wpiiging

e3e000003000ee o o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Mechanism of the Immunomodulatory Effect of the Combination of Live Bifidobacterium, Lactobacillus, Enterococcus, and Bacillus on Immunocompromised Rats

      

        		

          Introduction

        



        		

          Methods

        

          		

            Probiotics

          



          		

            Animal Experiment

          



          		

            Routine Blood Tests and Liver and Kidney Function Tests

          



          		

            Detection of Serum Cytokines

          



          		

            Amplification, Sequencing, and Analysis of the 16S rDNA V3-V4 Region

          



          		

            Assay of Fecal and Serum Metabolites

          



          		

            Extraction of Tissue RNA and Transcriptome Analysis

          



          		

            RT-qPCR Analysis

          



          		

            Histopathological Evaluation

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            CBLEB Reduces Cyclophosphamide-Induced Death, Weight Loss, Immune Dysfunction, and Organ Damage in Rats

          



          		

            CBLEB Improves Cyclophosphamide-Induced Dysbiosis of the Gut Microbiota

          



          		

            CBLEB Alleviates Cyclophosphamide-Induced Disorder of Gut Metabolism in Rats

          



          		

            CBLEB Alleviates Cyclophosphamide-Induced Disorder of Serum Metabolism in Rats

          



          		

            CBLEB Partially Recovers Cyclophosphamide-Induced Alterations in Metabolism and Signal Transduction Pathways in the Spleen and Colon

          

            		

              Associations of CBLEB-Influenced Fecal Bacteria, Fecal and Serum Metabolites, and Gut and Spleen Genes

            



          



          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-694344-g003.jpg
o0 .

5 R .
s .

o

T 5o ¢ w
Tscore 1]

MHC WOTX g CTXCBLED






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-694344-g005.jpg
A Pathways upregulaied in CTX vs. HC in the spleen A lstedt n CTX v, HC Iy
P S n— iy

)
0P
ncnon e

& CoLEBICTX . CTX
o caesecTXn K

Pawas st CTX . i gk
Mo
g T
e
ottt -
el






OEBPS/Images/fimmu.2021.694344_cover.jpg
’ frontiers
in Immunology

Mechanism of the Immunomodulatory
Effect of the Combination of Live
Bifidobacterium, Lactobacillus,
Enterococcus, and Bacillus on
Immunocompromised Rats





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-694344-g004.jpg
ecTX eHC

o ®

o
.n o
o -
-10 B
B o o
Tscore [1]

o

- ih* 3,

,a,r*“ Ww”w*“mﬂ”ww on

€ 4 cxeceLEs e ke
1 4a
" s
é o
2 4.4
-0 . a
ETa— i

3
Tseore (1]






OEBPS/Images/fimmu-12-694344-g002.jpg
& BHC WOTX ECTXCELED - PGoA on OTU level
Shannon ndox Chaot ndex AcE index

o HC ACTX ¢ CTxvcoLED

P2 12 )

m-nr L
P h
M.—mm!b L
p— *l

M' e

f— "
anmnu—umzl Ill,
s "
Wwﬂ—u} L
Lmprn osnges | "






