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Background: Previous researches have suggested a significant connection between the gut microbiota/immune cells and morphine tolerance (MT), but there is still uncertainty regarding their causal relationship. Hence, our objective is to inverstigate this causal association and reveal the impact of gut microbiota/immune cells on the risk of developing MT using a two-sample Mendelian randomization (MR) study.

Methods: We conducted a comprehensive analysis using genome-wide association study (GWAS) summary statistics for gut microbiota, immune cells, and MT. The main approach employed was the inverse variance-weighted (IVW) method in MR. To assess horizontal pleiotropy and remove outlier single-nucleotide polymorphisms (SNPs), we utilized the Mendelian randomization pleiotropy residual sum and outlier (MR-PRESSO) technique as well as MR-Egger regression. Heterogeneity detection was performed using Cochran’s Q-test. Additionally, leave-one-out analysis was carried out to determine if any single SNP drove the causal association signals. Finally, we conducted a reverse MR to evaluate the potential of reverse causation.

Results: We discovered that 6 gut microbial taxa and 16 immune cells were causally related to MT (p < 0.05). Among them, 2 bacterial features and 9 immunophenotypes retained a strong causal relationship with lower risk of MT: genus. Lachnospiraceae NK4A136group (OR: 0.962, 95% CI: 0.940–0.987, p = 0.030), genus. RuminococcaceaeUCG011 (OR: 0.960, 95% CI: 0.946–0.976, p = 0.003), BAFF-R on B cell (OR: 0.972, 95% CI: 0.947–0.998, p = 0.013). Furthermore, 4 bacterial features and 7 immunophenotypes were identified to be significantly associated with MT risk: genus. Flavonifractor (OR: 1.044, 95% CI: 1.017–1.069, p = 0.029), genus. Prevotella9 (OR: 1.054, 95% CI: 1.020–1.090, p = 0.037), B cell % CD3-lymphocyte (OR: 1.976, 95% CI: 1.027–1.129, p = 0.026). The Cochrane’s Q test revealed no heterogeneity (p > 0.05). Furthermore, the MR-Egger and MR-PRESSO analyses reveal no instances of horizontal pleiotropy (p > 0.05). Besides, leave-one-out analysis confirmed the robustness of MR results. After adding BMI to the multivariate MR analysis, the gut microbial taxa and immune cells exposure-outcome effect were attenuated.

Conclusion: Our research confirm the potential link between gut microbiota and immune cells with MT, shedding light on the mechanism by which gut microbiota and immune cells may contribute to MT. These findings lay the groundwork for future investigations into targeted prevention strategies.
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1 Introduction

Morphine exerts a potent analgesic effect primarily by interacting with mu opioid receptors (MOR). Its widespread utilization in pain management for conditions such as cancer is attributed to its rapid onset and prompt relief (Badshah et al., 2023). However, the chronic administration of morphine inevitably leads to various undesirable effects such as morphine tolerance (MT) and dependence, respiratory depression, nausea, vomiting, and sedation, which pose challenges to its clinical application (Ouyang et al., 2022). The development of morphine tolerance is a complex and multifaceted process, encompassing various factors such as the desensitization and internalization of opioid receptors (Narita et al., 2006), the formation of heterodimers between G protein-coupled receptors (Szentirmay et al., 2013), activation of glial cells, modifications in glutamate receptor function (Wang et al., 2021), stimulation of the cyclic adenosine monophosphate (cAMP) pathway (Coffey et al., 2022) and mitogen-activated protein kinase (MAPK) pathway (Fu and Zhang, 2023), among others. Considering the inadequate therapeutic outcomes and significant burden associated with morphine tolerance, it is imperative to identify potential underlying risk factors that contribute to its occurrence.

The human gut, which contains approximately 13 trillion bacterial cells, plays a crucial role in regulating various bodily functions such as vitamin production, colonization resistance, and immunological balance (Su et al., 2023). Recent research has suggested that the composition of gut microbiome may also be linked to conditions involving pain such as neuropathic pain, visceral pain and headaches (Minerbi and Shen, 2022). Studies have shown that morphine can disrupt the natural balance of bacteria in the gut leading to dysbiosis while also increasing intestinal permeability thereby facilitating bacterial translocation (Muchhala et al., 2023). The presence of microbial dysbiosis, specifically a reduction in Bifidobacteria and Lactobacillaeae populations, was observed in individuals undergoing MT. The administration of probiotics containing these bacterial communities demonstrated the ability to mitigate the development of analgesic tolerance in mice treated with morphine (Zhang et al., 2019). Additionally, recent studies have highlighted the significance of inflammatory factors released by immune cells in relation to MT (Eidson and Murphy, 2019). There is a growing body of research indicating that morphine has the potential to induce neuroinflammation (Wan et al., 2022). This process involves the activation of microglia (Mélik Parsadaniantz et al., 2015) and an increase in the production of proinflammatory cytokines, including IL-1β, TNF-α, CXCL12, IL-33, and IL-6 (Eidson et al., 2017; Bai et al., 2022), leading to heightened synaptic transmission and central sensitization (He et al., 2019). However, further investigation is needed to establish a definitive link between gut microbiota, immune cells, and the risk of MT due to possible biases.

Mendelian randomization (MR) is a highly effective approach to infer causality, employing genetic variants as instrumental variables (IVs) to investigate the causal impact of exposure on outcome (Wang et al., 2023). In this study, gut microbiota and immune cells were chosen as the exposure variables, while MT was considered as the outcome variable for MR analysis. The aim was to explore potential causal relationships and establish a theoretical foundation for further investigations into the intricate mechanisms and risk factors associated with MT.



2 Materials and methods


2.1 Ethics approval statement

The data at a summary level utilized in this research can be downloaded. The genome-wide association studies (GWAS) conducted for this study were approved by the appropriate institutions following ethical guidelines.



2.2 Study design

The exposure for investigation were gut microbiota and immune cells, whereas the outcome was MT. All data used in the analysis were obtained from publicly accessible GWAS. We extracted single nucleotide polymorphisms (SNPs) that are linked to gut microbial taxa and immune cells, which were then utilized as IVs. We performed a two-sample M analysis using summary level data from GWAS of gut microbiota, immune cells, and MT. The flow chart of this study is shown in Figure 1.
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FIGURE 1
 Flowchart of the study. GWAS, genome wide association study; SNP, single nucleotide polymorphism; MR, Mendelian randomization.




2.3 Exposure data of gut microbiota and immune cells

Relevant data on gut microbiota were extracted from a comprehensive GWAS study conducted by the MiBioGen consortium. This study involved 18,340 individuals (24 cohorts) and utilized 16S rRNA gene sequencing profiles (Kurilshikov et al., 2021). The analysis focused on 211 taxa, including 131 genera, 35 families, 20 orders, 16 classes, and 9 phyla for mapping microbiome quantitative trait loci. Information regarding each immune trait’s summary statistics was publicly accessible through the GWAS Catalog with accession numbers ranging from GCST0001391 to GCST0002121 (Orrù et al., 2020). A total of 731 immunophenotypes were analyzed, encompassing various parameters such as absolute cell (AC) counts (n = 118), median fluorescence intensities (MFI) indicating surface antigen levels (n = 389), morphological parameters (MP) (n = 32), and relative cell counts (RC) (n = 192). The MFI, AC, and RC features comprise B cells, CDCs, mature T cell stages, monocytes, myeloid cells, TBNK panels (T cells, B cells, natural killer cells), and Treg panels. Additionally, the MP feature includes CDC and TBNK panels. The initial GWAS analysis focused on immune traits and involved a sample of 3,757 individuals of European descent. The cohorts used in the study did not overlap. To enhance the genotyping data, around 22 million SNPs were imputed using a Sardinian sequence-based reference panel (Sidore et al., 2015). Additionally, associations were examined while accounting for potential confounding factors such as sex, age, and age squared.



2.4 Outcome data of morphine tolerance

The GWAS summary statistics for genetic associations related to MT were obtained from the largest GWAS meta-analysis conducted by the Neale Lab (Neale, 2016). This study involved 337,159 individuals of European descent (194 cases and 336,965 controls), with analysis performed on approximately 10.8 million variants following quality control measures and imputation.



2.5 Genetic instruments selection and harmonization

To ensure the reliability and precision of outcomes, we conducted a quality check on the SNPs to obtain compliant IVs. The selection criteria for SNPs were as follows: (A) strong association with exposures; (B) no correlation with confounding factors; (C) association with outcomes influenced by the exposures (Burgess et al., 2019). As the number of eligible IVs (genome-wide statistical significance threshold, p < 5 × 10−8) was extremely limited, we opted for a locus-wide significance threshold (p < 1 × 10−5) to ensure a more comprehensive outcome (Lv et al., 2021). Subsequently, in order to address linkage disequilibrium (LD), we employed a clumping method with r2 = 0.001 and kb = 10,000. Finally, we computed the F statistics to evaluate the robustness of the chosen SNPs using the following equation: F = R2(N − k − 1)/[(1 − R2)k]. In this equation, R2 represents the proportion of variability explained by each SNP, N denotes the size of our GWAS sample, and k indicates the number of SNPs. A value of 10 for the F statistic suggests a lack of substantial evidence for instrument bias (Yengo et al., 2018).



2.6 Multivariate MR analysis

Obesity has recently emerged as a major confounding factor in the association of intestinal diseases, as it is intricately linked to the health outcome under investigation while potentially influencing the composition of the microbiome (Vujkovic-Cvijin et al., 2020). To address this concern and mitigate potential biases arising from sample overlap, we conducted multivariate Mendelian randomization (MVMR) analysis as a sensitivity analysis to account for measured confounders, with body mass index [BMI, (SD, ~4.8 kg/m2)] being considered as a potential confounder. We utilized publicly available GWAS meta-analyses for BMI with a substantial sample size (Locke et al., 2015). The inverse-variance weighted method was employed for MVMR analysis.



2.7 Statistical analysis

The primary analysis for MR employed the inverse variance weighted (IVW) method. To evaluate the reliability of significant findings, sensitivity analyses were conducted using MR-Egger, weighted median, weighted mode, and simple mode (Hartwig et al., 2017). Heterogeneity among selected IVs was assessed by Cochran’s Q statistic and corresponding p-values. If the null hypothesis is not supported, random effects IVW was employed instead of fixed-effects IVW. To account for potential horizontal pleiotropy, a commonly used approach (MR-Egger) was applied, which suggests the presence of horizontal multiplicity if its intercept term is statistically significant. Additionally, we utilized the MR-PRESSO method from the MR-PRESSO package (Verbanck et al., 2018), a robust technique that helps identify and exclude any potential outliers with horizontal pleiotropic effects that could substantially influence our estimation results. Furthermore, scatter plots and funnel plots were utilized to assess the data. The scatter plots indicated that outliers did not have a significant impact on the results. Meanwhile, the funnel plots demonstrated that there was no heterogeneity and confirmed the robustness of the correlation. Additionally, a reverse causality analysis was conducted to evaluate any potential reverse causal relationships. All analyses were performed using R version 4.3.1 with packages such as “TwoSampleMR,” “MRPRESSO,” and “MendelianRandomization.” The codes used for these analyses can be found in Supplementary Table S1.




3 Results


3.1 Selection of instrumental variables

Initially, a total of 13,749 SNPs (gut microbiota; locus-wide significance level, p < 1 × 10−5) and 18,620 SNPs (immune cells; locus-wide significance level, p < 1 × 10−5) were identified as potential instrumental variables (IVs) from large-scale GWAS. These SNPs were selected after excluding palindromic variants (Supplementary Tables S2, S3). After clumping and harmonization, a total of 1,515 SNPs (p < 1 × 10−5) and 18,620 SNPs (p < 1 × 10−5) were identified as instrumental variables. The F-statistics for these IVs consistently exceeded the threshold of 10, indicating no indications of weak instrument bias. Detailed information on the key characteristics of the SNPs such as effect allele, alternate allele, beta value, standard error, and p-value was systematically collected for further analysis (Supplementary Tables S4, S5).



3.2 Causal effects of gut microbiota on morphine tolerance

A total of six causal associations between gut microbiota features and MT traits were detected using the IVW method (Supplementary Table S6). The results from IVW analysis suggested that an increased genetic predisposition to the certain genus. Flavonifractor (OR: 1.044, 95% CI: 1.017–1.069, p = 0.029), genus. Prevotella9 (OR: 1.054, 95% CI: 1.020–1.090, p = 0.037), genus. RuminococcaceaeUCG005 (OR: 1.063, 95% CI: 1.014–1.114, p = 0.031), genus. Ruminococcus1 (OR: 1.056, 95% CI: 1.007–1.106, p = 0.007) were linked to an elevated risk of MT. In addition, a lower risk of MT was observed in relation to the genetically predicted abundance of genus. LachnospiraceaeNK4A136group (OR: 0.962, 95% CI: 0.940–0.987, p = 0.030), genus. RuminococcaceaeUCG011 (OR: 0.960, 95% CI: 0.946–0.976, p = 0.003) (Figure 2).
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FIGURE 2
 Forest plots presenting the Mendelian randomization findings of gut microbiota taxa associated with morphine tolerance causation. OR, odds ratio; CI, confidence interval; IVW, inverse variance weighted.




3.3 Causal effects of immune cells on morphine tolerance

A total of 16 causal associations between immune cell features and MT traits were discovered using the IVW method, with 8 in the B cell panel, 1 in the TBNK panel, 2 in the Treg panel, 3 in the monocyte panel, and 2 in the myeloid cell panel (Supplementary Table S7). The findings from the IVW analyses indicated that an increased genetic abundance of B cell % CD3− lymphocyte (OR: 1.976, 95% CI: 1.027–1.129, p = 0.026), CD14− CD16− AC (OR: 1.064, 95% CI: 1.032–1.096, p = 0.043), CD14 on CD14+ CD16+ monocyte (OR: 1.027, 95% CI: 1.000–1.048, p = 0.006), CD24 on IgD+ CD38br (OR: 1.065, 95% CI: 1.017–1.114, p = 0.015), CD24 on unsw mem (OR: 1.023, 95% CI: 1.004–1.055, p = 0.002), CD25 on unsw mem (OR: 1.038, 95% CI: 1.011–1.066, p = 0.017), CD25hi CD45RA-CD4 not Treg %CD4+ (OR: 1.030, 95% CI: 1.010–1.050, p = 0.048) were associated with a higher risk of MT. In addition, the genetically predicted abundance of BAFF-R on B cell (OR: 0.972, 95% CI: 0.947–0.998, p = 0.013), BAFF-R on CD20− CD38− (OR: 0.982, 95% CI: 0.963–1.000, p = 0.041), BAFF-R on IgD+ CD24− (OR: 0.956, 95% CI: 0.920–0.994, p = 0.012), BAFF-R on IgD+ CD38dim (OR: 0.964, 95% CI: 0.932–0.999, p = 0.008), CD8 on CD39+ CD8br (OR: 0.975, 95% CI: 0.951–1.000, p = 0.012), CD14 on CD33br HLA DR+ CD14dim (OR: 0.968, 95% CI: 0.939–0.997, p = 0.015), CD14 on Mo MDSC (OR: 0.957, 95% CI: 0.922–0.993, p = 0.001), CD24+ CD27+ %lymphocyte (OR: 0.970, 95% CI: 0.941–0.999, p = 0.009), CX3CR1 on monocyte (OR: 0.973, 95% CI: 0.949–0.998, p = 0.040) were correlated with a reduced risk of MT (Figure 3).
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FIGURE 3
 Forest plots presenting the Mendelian randomization findings on immune cells associated with morphine tolerance causality. OR, odds ratio; CI, confidence interval; IVW, inverse variance weighted.




3.4 Pleiotropy, heterogeneity, sensitivity and reverse analysis

The results of the IVW test and MR-Egger regression indicated no heterogeneity in the majority of causal relationships, as suggested by Q statistics (p > 0.05) (Supplementary Tables S8, S9). Moreover, none of the intercepts derived from the MR-Egger regression analysis significantly differed from zero, suggesting no indication of horizontal pleiotropy (all intercept p > 0.05) (Supplementary Tables S10, S11). The MR-PRESSO test did not reveal any indications of horizontal pleiotropy in the examined causal relationships (p > 0.05) (Supplementary Table S12). Moreover, the Leave-one-out analysis demonstrated that individual SNPs did not significantly influence the signals associated with causality (Supplementary Tables S13, S14). Furthermore, during reverse MR analysis, no supportive evidence was found for a causal impact of MT on gut microbiota/immune cells (Supplementary Tables S15, S16).



3.5 Exploration of BMI as potential confounding factor

Obesity has recently been identified as a major confounding factor in the associations between microbiome and diseases. We conduct a multivariable MR analysis to assess the robustness of causal effects when incorporating obesity. After adjusted for BMI, the IVW results of MVMR analyses demonstrated that genus. Flavonifractor (OR: 1.051, 95% CI: 1.010–1.094, p = 0.013), genus. RuminococcaceaeUCG005 (OR: 1.067, 95% CI: 1.020–1.124, p = 0.018), BAFF-R on B cell (OR: 0.932, 95% CI: 0.826–0.987, p = 0.021), BAFF-R on CD20− CD38− (OR: 0.901, 95% CI: 0.816–0.994, p = 0.038), CD14− CD16− AC (OR: 1.073, 95% CI: 1.022–1.115, p = 0.017), CD24 on IgD+ CD38br (OR: 1.127, 95% CI: 1.051–1.209, p = 0.015), CD8 on CD39+ CD8br (OR: 0.900, 95% CI: 0.815–0.993, p = 0.045), CD14 on CD14+ CD16+ monocyte (OR: 1.064, 95% CI: 1.0023–1.117, p = 0.014), and CX3CR1 on monocyte (OR: 0.954, 95% CI: 0.848–0.999, p = 0.019) were significantly correlated with the risk of MT. However, the remaining associations found may be confounded to some extent by BMI (Supplementary Table S17).




4 Discussion

To our understanding, this MR analysis report appears to be the initial study establishing a potential causal link between gut microbiota/immune cells and MT. Through a two-sample MR investigation, we have discovered that there is evidence of causal correlation between 6 specific gut microbial taxa and 16 immune cells with regards to MT (Figure 4). Nevertheless, when BMI was included in the MVMR analyses, the impact of these factors was diminished.
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FIGURE 4
 Causal links between gut microbiota, immune cells and morphine tolerance.


Previous studies have extensively discussed the potential mechanisms by which the gut microbiota contributes to the development of MT. Disruption of the gut barrier and translocation of bacteria are observed as a result of morphine-induced dysbiosis, leading to local inflammation in the gut and subsequent activation of proinflammatory cytokines, ultimately driving MT. Both animal experiments and human studies have provided evidence for morphine’s detrimental effects on intestinal microbial composition, which further contribute to gastrointestinal disorders experienced by patients (Wang et al., 2018). The introduction of subcutaneous morphine granules or intraperitoneal morphine injections in mice resulted in an increase harmful bacteria, such as Flavobacterium, Enterococcus, Fusobacterium, Sutterella, Clostridium, Rikenellaceae and Ruminococcus, observed in fecal samples (Lee et al., 2018). Similarly, prolonged administration of morphine to mice led to alterations in the bacterial composition found in fecal samples. This included a decrease in Bacteroidetes and Firmicutes populations alongside an increase in Proteobacteria (Kang et al., 2017). Furthermore, there were reported elevations specifically within the phylum Firmicutes (Banerjee et al., 2016). Moreover, mice that developed tolerance to morphine exhibited a significant reduction in beneficial bacteria from the Lactobacillus and Bifidobacterium. However, this tolerance was mitigated following treatment with probiotics (Zhang et al., 2019). These studies indicate that chronic administration of morphine can lead to imbalances in the composition of gut bacteria. The close association between reductions in bacteria such as Lactobacillus or Bifidobacterium at the intestinal level and the development of dysbiosis emphasizes their crucial role in maintaining the integrity of the intestinal epithelium (Guo et al., 2017). Limited clinical research has been conducted to explore the connection between dysbiosis and the opioid system. A study involving cirrhotic patients who received long-term opioid treatment revealed a reduction in Bacteroidaceae relative abundance among those diagnosed with hepatic encephalopathy (HE). This decrease coincided with lower levels of aromatic amino acids and metabolites from specific bacterial strains while also showing elevated endotoxin and IL-6 levels (Acharya et al., 2017). Our findings align with prior research on the beneficial effects exerted by Bacteroidaceae. Furthermore, our investigation suggests that an increased presence of Flavonifractor, Prevotella9, RuminococcaceaeUCG005, Ruminococcus1 is linked to an augmented risk for MT.

The expression levels of opioid receptors have been found to be associated with the composition of the gut microbiota. For instance, there is a positive correlation between the abundance of Bacteroides spp. in fecal matter and MOR mRNA in colonic tissue among rats (Aguilera et al., 2013). The chronic administration of morphine induces changes in intestinal epithelial function, resulting in increased permeability and bacterial translocation mediated by Toll-like receptor (TLR) (Meng et al., 2013). However, these effects were mitigated when mice were treated with a combination of antibiotics. In addition, the impact of opioids on the intestinal microbiota could worsen the effects of opioids themselves by causing inflammation. In a mouse model of sepsis, it was observed that blocking IL-17A after morphine treatment, which increases levels of Gram-positive bacteria, led to improved inflammation and function of the intestinal barrier (Meng et al., 2015). Administering a probiotic like Lactobacillus acidophilus in rats with irritable bowel syndrome (IBS) increased their pain threshold and alleviated hypersensitivity. This was achieved by activating the inflammatory NF-кB pathway to enhance MOR expression (Rousseaux et al., 2007).

Fecal microbiota transplantation (FMT) is currently being investigated as a potential approach to alleviate morphine tolerance in rodents with opioid-induced dysbiosis (Muchhala et al., 2023). Prolonged exposure to morphine reduces the presence of Regenerating islet-derived 3 gamma (Reg3γ), an antimicrobial peptide, in the ileum. This leads to decreased intestinal antimicrobial activity against Gram-positive bacteria like L. reuteri. However, when FMT was performed using fecal samples from mice not exposed to morphine, it restored the antimicrobial activity and expression of Reg3γ in the intestine. Consequently, this prevented an increase in intestinal permeability and the development of antinociceptive tolerance in mice dependent on morphine. In vitro strains, such as Staphyloccocus aureus, S. epidermidis, Streptoccocus pneumoniae, S. pyogenes, S. faecalis, Bacillus cereus, Escherichia coli, and Pseudomonas aeruginosa showed no growth inhibition upon exposure to a 2 mg/mL concentration of morphine (Rosenberg and Renkonen, 1985). In contrast, the growth of pathogenic bacteria in culture, such as E. coli and S. epidermidis, could be completely inhibited by tramadol at a concentration of 25 mg/mL (Farzam et al., 2018). In accordance with the aforementioned research, our study indicated a causal link between a decreased risk of MT and the heightened prevalence of Lachnospiraceae and RuminococcaceaeUCG011.

On the contrary, MT is also influenced by immune cells in its occurrence and development (Zhang et al., 2022). Extensive research has been dedicated to understanding the molecular mechanism behind morphine tolerance in recent years. A growing body of evidence supports the notion that morphine can initiate neuroinflammation, characterized by microglia activation and increased production of pro-inflammatory cytokines like tumor necrosis factor-α (TNF-α), Interleukin (IL)-6, and IL-1β. This subsequently exacerbates neuroinflammation, ultimately leading to MT (Guan et al., 2023).

Our research discovered the risk of morphine tolerance decreased with an increase in the proportion of BAFF-R on B cell, BAFF-R on CD20− CD38−, BAFF-R on IgD+ CD24−, BAFF-R on IgD+ CD38dim, CD8 on CD39+ CD8br, CD14 on CD33br HLA DR+ CD14dim, CD14 on Mo MDSC, CD24+ CD27+ %lymphocyte, CX3CR1 on monocyte. B lymphocyte stimulator (BLyS) is a member of the tumor necrosis factor superfamily and plays a critical role in the proliferation, maturation, and differentiation of B lymphocytes. BAFF-R has the ability to impede the interaction between soluble BLyS and receptors on cell membranes, thereby inhibiting NF-κB activation and suppressing immunoglobulin production by B cells in peripheral blood (Xu and Chen, 2017). The increased levels of B-cell activating factor (BAFF) are a consequence of both acute and chronic inflammation (Matharu et al., 2013). Research findings indicate that the inhibition of the TLR4/NF-κB signaling pathway can effectively suppress microglia activation and neuroinflammatory responses, leading to an improved analgesic effect of morphine (Yang et al., 2023). HLA-DR, a cell surface receptor belonging to the MHC class II family, is encoded by the human leukocyte antigen complex located in chromosome 6 region 6P21. The reduced expression of HLA-DR in monocytes during chronic inflammation highlights its anti-inflammatory properties (Söderlund et al., 2009).

Furthermore, it is worth mentioning that the occurrence of MT was observed to be linked with a rise in the percentage of B cell % CD3− lymphocyte, CD14− CD16− AC, CD14 on CD14+ CD16+ monocyte, CD24 on IgD+ CD38br, CD24 on unsw mem, CD25 on unsw mem, CD25hi CD45RA-CD4 not Treg %CD4+. Based on the differential expression of surface markers CD14 and CD16, monocytes can be categorized into two subgroups: CD14+ CD16− and CD14+ CD16+. Notably, elevated levels of CD14+ CD16+ have been observed in conditions such as inflammatory pain and ANCA-associated vasculitis, leading to their identification as inflammatory monocytes. Research suggests that this subgroup’s mechanism of action may involve increased expression of relevant inflammatory receptors along with pro-inflammatory microRNAs (Xia et al., 2021). Based on the differential expression of CD25 on CD4+ T cells, they can be categorized into two groups: effector T cells (Teff) with low CD25 expression and regulatory T cells (Treg) with high CD25 expression. Both types can be activated through antigen stimulation via the signaling pathway of the T cell receptor (TCR). However, while Teff promotes immune inflammatory reactions, Treg maintains tolerance in the body, exhibiting distinct functions and roles. Morphine has been found to enhance the expression of several crucial pro-inflammatory chemokines as well as C-C Motif Chemokine Receptor 5 (CCR5) on T cells, monocytes, and macrophages. Moreover, morphine has the ability to elevate IL-10 levels while simultaneously reducing IL-17 secretion from cultured CD4+ T cells (Shao et al., 2022). Previous studies have reported a significant increase in the numbers of circulating Treg cells and the functional activity of Th17 cells following chronic exposure to morphine. Additionally, there is an observed increase in T cell populations expressing surface markers associated with gut-homing (CD161 and CCR6) as well as susceptibility to HIV-1 infection (CCR5 and β7 integrin) (Cornwell et al., 2013). However, limited research has been conducted on the role of monocytes and T cells in MT.

The advantages of this study are as follows: MR utilizes genetic variants as proxies for environmental exposure in order to establish a causal association between an exposure and the occurrence of a disease. Given that genetic variations are presumed to be randomly determined prior to birth, they exhibit a strong independence from environmental factors and become firmly established long before the onset of illness. This characteristic helps circumvent issues related to residual confounding and reverse causation commonly encountered in conventional observational studies. This research utilizes openly accessible datasets to obtain more accurate estimates and increased statistical potency as a result of the extensive sample sizes in GWAS. The findings were not influenced by horizontal pleiotropy or other variables. In summary, this study had sufficient statistical power to identify a significant correlation between gut microbiota/immune cells and MT. However, there were certain limitations that need to be acknowledged. Firstly, in order to minimize the impact of population stratification bias, the majority of participants included in our analysis were of European descent, which could potentially introduce some bias into our findings. Secondly, due to the unavailability of demographic information such as gender and ethnicity in the original dataset, we were unable to conduct subgroup analyses. Thirdly, since the number of SNPs meeting the genome-wide significance threshold (p < 5 × 10−8) was insufficient for further investigation, we only focused on SNPs reaching locus-wide significance level (p < 5 × 10−5). These constraints may limit the generalizability of our results and could have potentially affected the accuracy of this study.



5 Conclusion

In summary, we have extensively verified the link between gut microbiota/immune cells and MT. Specifically, four bacterial characteristics and seven immune cells exhibited a positive causal relationship with MT, while two other bacterial features and nine immune cells displayed a negative causal association with MT. These microbial strains could serve as innovative biomarkers and offer valuable insights for preventing and treating MT.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

SH: Conceptualization, Data curation, Formal analysis, Writing – original draft, Writing – review & editing. JiG: Writing – original draft. ZW: Writing – original draft. YX: Writing – review & editing. YG: Writing – review & editing. YL: Funding acquisition, Writing – review & editing. JuG: Conceptualization, Funding acquisition, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by the National Natural Science Foundation of China (No. 82172190).



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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1343763/full#supplementary-material



References

 Acharya, C., Betrapally, N. S., Gillevet, P. M., Sterling, R. K., Akbarali, H., White, M. B., et al. (2017). Chronic opioid use is associated with altered gut microbiota and predicts readmissions in patients with cirrhosis. Aliment. Pharmacol. Ther. 45, 319–331. doi: 10.1111/apt.13858 

 Aguilera, M., Vergara, P., and Martínez, V. (2013). Environment-related adaptive changes of gut commensal microbiota do not alter colonic toll-like receptors but modulate the local expression of sensory-related systems in rats. Microb. Ecol. 66, 232–243. doi: 10.1007/s00248-013-0241-0 

 Badshah, I., Anwar, M., Murtaza, B., and Khan, M. I. (2023). Molecular mechanisms of morphine tolerance and dependence; novel insights and future perspectives. Mol. Cell. Biochem. doi: 10.1007/s11010-023-04810-3 

 Bai, X., Huang, Y., Zhang, K., Huang, W., Mu, Y., Li, Y., et al. (2022). CircNf1-mediated CXCL12 expression in the spinal cord contributes to morphine analgesic tolerance. Brain Behav. Immun. 107, 140–151. doi: 10.1016/j.bbi.2022.09.018

 Banerjee, S., Sindberg, G., Wang, F., Meng, J., Sharma, U., Zhang, L., et al. (2016). Opioid-induced gut microbial disruption and bile dysregulation leads to gut barrier compromise and sustained systemic inflammation. Mucosal Immunol. 9, 1418–1428. doi: 10.1038/mi.2016.9 

 Burgess, S., Davey Smith, G., Davies, N. M., Dudbridge, F., Gill, D., Glymour, M. M., et al. (2019). Guidelines for performing Mendelian randomization investigations. Wellcome Open Res. 4:186. doi: 10.12688/wellcomeopenres.15555.1

 Coffey, K. R., Lesiak, A. J., Marx, R. G., Vo, E. K., Garden, G. A., and Neumaier, J. F. (2022). A cAMP-related gene network in microglia is inversely regulated by morphine tolerance and withdrawal. Biol. Psychiatry Glob. Open Sci. 2, 180–189. doi: 10.1016/j.bpsgos.2021.07.011 

 Cornwell, W. D., Lewis, M. G., Fan, X., Rappaport, J., and Rogers, T. J. (2013). Effect of chronic morphine administration on circulating T cell population dynamics in rhesus macaques. J. Neuroimmunol. 265, 43–50. doi: 10.1016/j.jneuroim.2013.09.013 

 Eidson, L. N., Inoue, K., Young, L. J., Tansey, M. G., and Murphy, A. Z. (2017). Toll-like receptor 4 mediates morphine-induced neuroinflammation and tolerance via soluble tumor necrosis factor signaling. Neuropsychopharmacology 42, 661–670. doi: 10.1038/npp.2016.131 

 Eidson, L. N., and Murphy, A. Z. (2019). Inflammatory mediators of opioid tolerance: implications for dependency and addiction. Peptides 115, 51–58. doi: 10.1016/j.peptides.2019.01.003 

 Farzam, H., Farahani, A., Tafkik, A., Gorgin Karaji, A., Mohajeri, P., Rezaei, M., et al. (2018). Antibacterial effect of tramadol against Staphylococcus aureus and Pseudomonas aeruginosa: an in vivo study. New Microbes New Infect. 24, 42–46. doi: 10.1016/j.nmni.2018.04.001 

 Fu, X., and Zhang, Y. (2023). Research progress of p38 as a new therapeutic target against morphine tolerance and the current status of therapy of morphine tolerance. J. Drug Target. 31, 152–165. doi: 10.1080/1061186X.2022.2138895 

 Guan, S., Miao, F., Wang, D., Hu, J., and Wang, H. (2023). Corilagin attenuates morphine-induced BV2 microglial activation and inflammation via regulating TLR2-mediated endoplasmic reticulum stress. J. Toxicol. Sci. 48, 387–398. doi: 10.2131/jts.48.387 

 Guo, S., Gillingham, T., Guo, Y., Meng, D., Zhu, W., Walker, W. A., et al. (2017). Secretions of Bifidobacterium infantis and Lactobacillus acidophilus protect intestinal epithelial barrier function. J. Pediatr. Gastroenterol. Nutr. 64, 404–412. doi: 10.1097/MPG.0000000000001310 

 Hartwig, F. P., Davey Smith, G., and Bowden, J. (2017). Robust inference in summary data mendelian randomization via the zero modal pleiotropy assumption. Int. J. Epidemiol. 46, 1985–1998. doi: 10.1093/ije/dyx102 

 He, W., Long, T., Pan, Q., Zhang, S., Zhang, Y., Zhang, D., et al. (2019). Microglial NLRP3 inflammasome activation mediates IL-1β release and contributes to central sensitization in a recurrent nitroglycerin-induced migraine model. J. Neuroinflamm. 16:78. doi: 10.1186/s12974-019-1459-7 

 Kang, M., Mischel, R. A., Bhave, S., Komla, E., Cho, A., Huang, C., et al. (2017). The effect of gut microbiome on tolerance to morphine mediated antinociception in mice. Sci. Rep. 7:42658. doi: 10.1038/srep42658 

 Kurilshikov, A., Medina-Gomez, C., Bacigalupe, R., Radjabzadeh, D., Wang, J., Demirkan, A., et al. (2021). Large-scale association analyses identify host factors influencing human gut microbiome composition. Nat. Genet. 53, 156–165. doi: 10.1038/s41588-020-00763-1 

 Lee, K., Vuong, H. E., Nusbaum, D. J., Hsiao, E. Y., Evans, C. J., and Taylor, A. M. W. (2018). The gut microbiota mediates reward and sensory responses associated with regimen-selective morphine dependence. Neuropsychopharmacology 43, 2606–2614. doi: 10.1038/s41386-018-0211-9 

 Locke, A. E., Kahali, B., Berndt, S. I., Justice, A. E., Pers, T. H., Day, F. R., et al. (2015). Genetic studies of body mass index yield new insights for obesity biology. Nature 518, 197–206. doi: 10.1038/nature14177 

 Lv, W. Q., Lin, X., Shen, H., Liu, H. M., Qiu, X., Li, B. Y., et al. (2021). Human gut microbiome impacts skeletal muscle mass via gut microbial synthesis of the short-chain fatty acid butyrate among healthy menopausal women. J. Cachexia. Sarcopenia Muscle 12, 1860–1870. doi: 10.1002/jcsm.12788 

 Matharu, K., Zarember, K. A., Marciano, B. E., Kuhns, D. B., Spalding, C., Garofalo, M., et al. (2013). B-cell activating factor (BAFF) is elevated in chronic granulomatous disease. Clin. Immunol. 148, 258–264. doi: 10.1016/j.clim.2013.05.007 

 Mélik Parsadaniantz, S., Rivat, C., Rostène, W., and Réaux-Le Goazigo, A. (2015). Opioid and chemokine receptor crosstalk: a promising target for pain therapy? Nat. Rev. Neurosci. 16, 69–78. doi: 10.1038/nrn3858 

 Meng, J., Banerjee, S., Li, D., Sindberg, G. M., Wang, F., Ma, J., et al. (2015). Opioid exacerbation of Gram-positive sepsis, induced by gut microbial modulation, is rescued by IL-17A neutralization. Sci. Rep. 5:10918. doi: 10.1038/srep10918 

 Meng, J., Yu, H., Ma, J., Wang, J., Banerjee, S., Charboneau, R., et al. (2013). Morphine induces bacterial translocation in mice by compromising intestinal barrier function in a TLR-dependent manner. PLoS One 8:e54040. doi: 10.1371/journal.pone.0054040 

 Minerbi, A., and Shen, S. (2022). Gut microbiome in anesthesiology and pain medicine. Anesthesiology 137, 93–108. doi: 10.1097/ALN.0000000000004204 

 Muchhala, K., Kang, M., Koseli, E., Poklis, J., Xu, Q., Dewey, W., et al. (2023). The role of morphine-induced impairment of intestinal epithelial antibacterial activity in dysbiosis and its impact on the microbiota-gut-brain axis. Res Sq. :rs.3.rs-3084467. doi: 10.21203/rs.3.rs-3084467/v1

 Narita, M., Suzuki, M., Narita, M., Niikura, K., Nakamura, A., Miyatake, M., et al. (2006). Mu-opioid receptor internalization-dependent and -independent mechanisms of the development of tolerance to mu-opioid receptor agonists: comparison between etorphine and morphine. Neuroscience 138:609619, 609–619. doi: 10.1016/j.neuroscience.2005.11.046

 Neale, J. (2016). Iterative categorization (IC): a systematic technique for analysing qualitative data. Addiction 111, 1096–1106. doi: 10.1111/add.13314 

 Orrù, V., Steri, M., Sidore, C., Marongiu, M., Serra, V., Olla, S., et al. (2020). Complex genetic signatures in immune cells underlie autoimmunity and inform therapy. Nat. Genet. 52, 1036–1045. doi: 10.1038/s41588-020-0684-4 

 Ouyang, H., Zhang, J., Chi, D., Zhang, K., Huang, Y., Huang, J., et al. (2022). The YTHDF1-TRAF6 pathway regulates the neuroinflammatory response and contributes to morphine tolerance and hyperalgesia in the periaqueductal gray. J. Neuroinflammation 19:310. doi: 10.1186/s12974-022-02672-y 

 Rosenberg, P. H., and Renkonen, O. V. (1985). Antimicrobial activity of bupivacaine and morphine. Anesthesiology 62, 178–179. doi: 10.1097/00000542-198502000-00015 

 Rousseaux, C., Thuru, X., Gelot, A., Barnich, N., Neut, C., Dubuquoy, L., et al. (2007). Lactobacillus acidophilus modulates intestinal pain and induces opioid and cannabinoid receptors. Nat. Med. 13, 35–37. doi: 10.1038/nm1521 

 Shao, Y., Cornwell, W., Xu, K., Kirchhoff, A., Saasoud, F., Lu, Y., et al. (2022). Chronic exposure to the combination of cigarette smoke and morphine decreases CD4+ regulatory T cell numbers by reprogramming the Treg cell transcriptome. Front. Immunol. 13:887681. doi: 10.3389/fimmu.2022.887681 

 Sidore, C., Busonero, F., Maschio, A., Porcu, E., Naitza, S., Zoledziewska, M., et al. (2015). Genome sequencing elucidates Sardinian genetic architecture and augments association analyses for lipid and blood inflammatory markers. Nat. Genet. 47, 1272–1281. doi: 10.1038/ng.3368 

 Söderlund, J., Schröder, J., Nordin, C., Samuelsson, M., Walther-Jallow, L., Karlsson, H., et al. (2009). Activation of brain interleukin-1beta in schizophrenia. Mol. Psychiatry 14, 1069–1071. doi: 10.1038/mp.2009.52 

 Su, M., Tang, Y., Kong, W., Zhang, S., and Zhu, T. (2023). Genetically supported causality between gut microbiota, gut metabolites and low back pain: a two-sample Mendelian randomization study. Front. Microbiol. 14:1157451. doi: 10.3389/fmicb.2023.1157451 

 Szentirmay, A. K., Király, K. P., Lenkey, N., Lackó, E., Al-Khrasani, M., Friedmann, T., et al. (2013). Spinal interaction between the highly selective μ agonist DAMGO and several δ opioid receptor ligands in naive and morphine-tolerant mice. Brain Res. Bull. 90, 66–71. doi: 10.1016/j.brainresbull.2012.09.006

 Verbanck, M., Chen, C. Y., Neale, B., and do, R. (2018). Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat. Genet. 50, 693–698. doi: 10.1038/s41588-018-0099-7 

 Vujkovic-Cvijin, I., Sklar, J., Jiang, L., Natarajan, L., Knight, R., and Belkaid, Y. (2020). Host variables confound gut microbiota studies of human disease. Nature 587, 448–454. doi: 10.1038/s41586-020-2881-9 

 Wan, L., Jia, R. M., Ji, L. L., Qin, X. M., Hu, L., Hu, F., et al. (2022). AMPK-autophagy-mediated inhibition of microRNA-30a-5p alleviates morphine tolerance via SOCS3-dependent neuroinflammation suppression. J. Neuroinflammation 19:25. doi: 10.1186/s12974-022-02384-3 

 Wang, H., Huang, M., Wang, W., Zhang, Y., Ma, X., Luo, L., et al. (2021). Microglial TLR4-induced TAK1 phosphorylation and NLRP3 activation mediates neuroinflammation and contributes to chronic morphine-induced antinociceptive tolerance. Pharmacol. Res. 165:105482. doi: 10.1016/j.phrs.2021.105482

 Wang, F., Meng, J., Zhang, L., Johnson, T., Chen, C., and Roy, S. (2018). Morphine induces changes in the gut microbiome and metabolome in a morphine dependence model. Sci. Rep. 8:3596. doi: 10.1038/s41598-018-21915-8 

 Wang, C., Zhu, D., Zhang, D., Zuo, X., Yao, L., Liu, T., et al. (2023). Causal role of immune cells in schizophrenia: Mendelian randomization (MR) study. BMC Psychiatry 23:590. doi: 10.1186/s12888-023-05081-4 

 Xia, H. J., Yuan, F., Mei, L. G., et al. (2021). Effects of andolin capsule on inflammatory factors and apoptosis of peripheral blood mononuclear cells in elderly patients with nasopharyngeal carcinoma undergoing radiotherapy. Pract. Geriatr. 35, 467–469. doi: 10.3969/j.issn.1003-9198.2021.05.009

 Xu, H., and Chen, Y. P. (2017). Expression of RANK, RANKL, caspase-1, IL-18, IL-33 and BAFF-R in RA patients. J. Hunan Normal Univ. 14, 100–103.

 Yang, Z., Zhang, F., Abdul, M., Jiang, J., Li, Y., Li, Y., et al. (2023). Tumor necrosis factor-α-induced protein 8-like 2 alleviates morphine antinociceptive tolerance through reduction of ROS-mediated apoptosis and MAPK/NF-κB signaling pathways. Neuropharmacology 238:109667. doi: 10.1016/j.neuropharm.2023.109667 

 Yengo, L., Sidorenko, J., Kemper, K. E., Zheng, Z., Wood, A. R., Weedon, M. N., et al. (2018). Meta-analysis of genome-wide association studies for height and body mass index in 700,000 individuals of European ancestry. Hum. Mol. Genet. 27, 3641–3649. doi: 10.1093/hmg/ddy271 

 Zhang, L., Meng, J., Ban, Y., Jalodia, R., Chupikova, I., Fernandez, I., et al. (2019). Morphine tolerance is attenuated in germfree mice and reversed by probiotics, implicating the role of gut microbiome. Proc. Natl. Acad. Sci. USA 116, 13523–13532. doi: 10.1073/pnas.1901182116 

 Zhang, Q., Ren, Y., Mo, Y., Guo, P., Liao, P., Luo, Y., et al. (2022). Inhibiting Hv1 channel in peripheral sensory neurons attenuates chronic inflammatory pain and opioid side effects. Cell Res. 32, 461–476. doi: 10.1038/s41422-022-00616-y 


Copyright
 © 2024 Han, Gao, Wang, Xiao, Ge, Liang and Gao. 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.

OPS/images/fmicb-15-1343763-g003.jpg
exposure nsnp method pval OR(95% CI)
& coll % CD3- ymphocyte » Weighted median 0051 — 1057 (0991 t0 1.128)
% Inverse variance weighted 0026 et 1,076 (1027 t0 1.129)
BAFF-R on B cell B Weighted median o297 - 0976 (0960100.990)
1 Inverse variance weighted 0013 ol 0972 (0947 100.998)
BAFF-R on CD20- CD36~ 15 Weighted median 0062 - 0975095010 1.005)
15 Inverse variance weighted o041 - 0982 (096310 1.000)
BAFF-R on lgD+ CD24- £ Weighted median 0250 — 0945 (0902100.990)
20 Inverse variance weighted 0.012 - 0.956 (0.920 to 0.994)
BAFF R on 190+ CD38dm 2 Weighted median 0270 =) 0.960 (0918 0 1.003)
22 Inverse variance weighted 0.008 el 0.964 (0.932 10 0.999)
CD14- CD16-AC 2 ‘Weighted medan 0595 = 1044 (100010 1.091)
2 Inverse variance weighted 0043 - 1,064 (1032 0 1.096)
CD14.0n CD14+ CD16+ monacyte 16 ‘Weighted median 0058 1o 1.023 (0.997 10 1.051)
16 Inverse variance weighted 0008 i 1,027 (1000 to 1.048)
D14 on GD33br HLA DR+ GDTadm 15 Weighted median o201 - 0967 (0.928 10 1.006)
15 Inverse variance weighted oot ot 0968 0939 100.097)
CD14 on Mo MDSC 24 Weighted median 0.012 e 0.953 (0.91210 0.995)
2 Inverse variance weighted o001 ot 0957 (092210 0.993)
CD24 on IgD+ CD38br 23 Weighted median 0.301 ——t 1.068 (1.007 to 1.133)
2 Inverse variance weighted oot ) 1,065 (1017 to 1.114)
GD24 on unsw mem 2 Weighted median ooz = 1039 (101210 1.079)
2 Inverse variance weighted 0002 - 1,023 (1004 to 1.055)
CD24+ CD27+ %lymphocyte 21 Weighted median 0.182 ) 0.969 (0.930 10 1.008)
2 Inverse variance weighted 0009 i 0970 0941100.999)
GD25 on unsw mem % Weighted median 0708 = 1,019 (09620 1.060)
2 Inverse variance veighted o017 o 1,038 (1011 t0 1.066)
(GD25hi CDASRA- CD4 not Treg %CD4+ F Weighted median 0047 o 1,026 (0999 t0 1.053)
E Inverse variance weighted 0048 - 1030 (101010 1.050)
CD8 on CD30+ CDBLY 2 Weighted median o237 - 0971 (0931 0 1.014)
2 Inverse variance weighted o012 i 0975 (095110 1.000)
CX3CR1 on monocyte ) Weighted median 0s02 -l 0969092910 1.011)
26 Inverse variance weighted 0.040 L 0.973(0.949 10 0.998)

—

g |





OPS/images/fmicb-15-1343763-g004.jpg
I Morphine tolerance
Potential protective factors

genus LachnospiraceaeNK4A 136group
genus RuminococcaceaeUCGOI1
BAFF-R on B cell
BAFF-R on CD20- CD38-
BAFF-R on IgD+ CD24-
BAFF-R on IgD+ CD38dim
CD8 on CD39+ CD8br

@ CD14 on CD33br HLA DR+ CDI14dim
CD14 on Mo MDSC
CD24+ CD27+ %lymphocyte
CX3CR1 on monocyte

Potential risk factors

‘genus Flavonifiactor

‘genus Prevotellad

‘genus RuminococcaceaeUCGO0S
genus Ruminococcus
B cell % CD3- lymphocyte
CD14- CDI6- AC
CD14 on CD14+ CDI16+ monocyte

CD24 on IgD+ CD38br

CD24 on unsw mem

CD25 on unsw mem

CD25hi CD4SRA- CD4 not Treg %CD4+






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genetically supported causality between gut microbiota, immune cells and morphine tolerance: a two-sample Mendelian randomization study



		1 Introduction



		2 Materials and methods



		2.1 Ethics approval statement



		2.2 Study design



		2.3 Exposure data of gut microbiota and immune cells



		2.4 Outcome data of morphine tolerance



		2.5 Genetic instruments selection and harmonization



		2.6 Multivariate MR analysis



		2.7 Statistical analysis









		3 Results



		3.1 Selection of instrumental variables



		3.2 Causal effects of gut microbiota on morphine tolerance



		3.3 Causal effects of immune cells on morphine tolerance



		3.4 Pleiotropy, heterogeneity, sensitivity and reverse analysis



		3.5 Exploration of BMI as potential confounding factor









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1343763-g001.jpg
1 Preparation of Lage-scale GWAS summary data
1.1 Exposure data: Gut microbiota/ Immune cells

1.2 Outcome data: Morphine tolerance

|

2 Data harmonization (Gut microbiota/ Immune cells
and morphine tolerance)

Harmonize the effect and allele of SNP on the
exposure and cach outcome data

|

3 Selection of instrumental variables (SNPs)
3.1 Perform clumping
3.2 MR analysis

|

4 Sensitivity analysis

4.1 Heterogeneity

4.2 Horizontal pleiotropy
4.3 Leave-one-out analysis





OPS/images/fmicb-15-1343763-g002.jpg
exposure nsnp method pval OR(95% CI)
‘genus Favonifactor 42059 s Weighted median 0087 1021 (100010 1042)
s Inverse variance woighted o029 1,044 (101710 1.069)
‘gonus LachnospiraceasNIKAATI6group 911319 0 Weighted median o176 0951 (0917 160.985)
1 Inverse variance woighted 0030 0962 (0840100.887)
‘gonus Provotlad a 11163 0 Weighted median o2t 1059 (102310 1.098)
s Inverse variance weighted 0037 1,054 (1.02010 1.090)
‘genus RuminococcaceasUCGO05 111363 7 Weighted median o167 1056 (1018 10 1.097)
” Inverse variance weighied 0031 1063 (101410 1.114)
‘genus RuminococcaceasUCGO1 1111368 B Weighted median 0005 0959 (0919 100.995)
s Inverse variance weighied 0003 0960 (0946 100976)
‘gonus Ruminococeust 4 11373 ™ Weighted madian o1rs 1,034 (1,008 10 1.059)
" Inverse variance weighied 0007 1,056 (1.007 t0 1.108)






OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Genetically supported causality
between gut microbiota, immune
cells and morphine tolerance: a
two-sample Mendelian
randomization study












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






