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Editorial on the Research Topic 


Role of gut microbiota in diabetes mellitus and tumor immunity


Gut microecology is an important component of human health and environment. It’s composed of gut microbiota, gut epithelial cells, immune system, which forms gut mucosal barrier and act in energy metabolism. Gut microbiota plays an important role in the proper functioning of human organisms, it coevolves and symbiosis with humans by combating pathogenic bacteria, assisting in nutrient digestion, maintaining the integrity of the gut epithelia, and promoting immunological development. The steady state of the gut microbiota is closely related to human health and both external and genetic factors affect its composition and function. Thus, gut microbiota-mediated immunomodulatory effects play an important role in diabetes mellitus and tumor immunity. However, the causal relationship between an altered gut microbiota composition and diabetes mellitus or tumor immunity remains to be elucidated. Host immune responses are an extremely complex process and an in-depth exploration of the gut microbiota-host-disease relationship will be helpful to identify potential therapeutic targets for diabetes mellitus and cancer. We encourage the exploration of the etiology and factors influencing diabetes mellitus and tumor immunity from a gut microecological perspective with the aim of addressing these challenging questions. In this Research Topic, we aimed to explore gut microbiota profiles and the specific processes by which bacterial components, metabolites, and other mediators of gut microbiota interact with the host to affect the immunity of patients with diabetes mellitus or cancer.

This Research Topic included correlation analysis of gut microbiota composition with diabetes mellitus and tumor immunity. This review confirmed the differences in gut microbiota between healthy individuals and diabetic patients (Ye et al.). In addition, the differences in gut microbiota between type 1 diabetes mellitus and type 2 diabetes mellitus patients and the role of gut microbiota imbalance in the pathogenesis of diabetes patients, are discussed, especially with regard to the incidence of leaky gut syndrome, immune dysfunction, and metabolic disorders. They also summarized the progress made in developing microbial therapies to prevent and treat diabetes, especially the current status and application prospects of fecal microbiota transplantation in diabetes. Liu et al. expanded our understanding of the relationship between gut microbiota, an immune checkpoint inhibitor (ICI) response, and immune-related adverse events (irAE) occurrence. They studied the gut microbiota of patients who experienced a series of irAE in different cancers, particularly lung cancer; 1) with and without irAE; 2) with different severity of irAE; 3) with differences in microbiota composition between patients with and without irAE associated with colitis. Moreover, they explored the causal relationship between microbiota composition and immune-related colitis. Subsequently, their assessment of colitis and dynamic microbiota analysis led to more fundamental questions such as whether differences in microbiota cause immune-related colitis and whether immune-related colitis disrupts the gut microbiota. Huang et al. sequenced the ulcerated and intact skin of patients with diabetes and found that skin had significantly higher bacterial richness and diversity than diabetic foot wounds. The microecological balance of the skin was disrupted, and pathogenic bacteria replaced the original microbiota. It is suggested that commensal bacteria of intact skin may be important in maintaining microecological balance and preventing the development of diabetic skin ulcers.

This special issue also discussed gut microbiota-associated molecules that can affect host immune responses; Bao et al. reviewed such molecules from the perspective of traditional Chinese medicine (TCM), explaining why it can be a treasure trove of potential probiotics, and may shed light on the mechanisms of action underlying TCM successes in disease treatment. To further investigate the effect of TCM on different levels of gut microbial abundance. Lin et al. described gut microbiota characteristics of patients who were first diagnosed with diffuse large B-cell lymphoma (DLBCL), aiming to explore the correlation between immune indicators affecting patients and to clarify the role of the microecosystem-immune axis in the occurrence and development of DLBCL. In the future, it may be possible to improve the immune function of DLBCL patients by regulating the gut microbiota, increasing therapeutic efficacy and improving patient survival rates. Moreover, their study also revealed a correlation between changes in microbiota structure and host immunity, and this research suggests a better understanding of the specific mechanisms underlying the development of differential and dominant microbiota in DLBCL in future studies to identify new disease biomarkers and develop new therapeutic strategies.

This Research Topic also discussed the mechanisms whereby specific gut microbiota can affect the development of diabetes mellitus and tumor immunity; Yan et al. established and validated a diagnosis model based on microbial amplicon sequence variants markers for light chain(AL) amyloidosis in China, and initially explored the important role of gut microbiota in other types of amyloidosis. Their characterization of gut microbial communities in AL amyloidosis patients revealed that alterations in the abundance of certain gut microbial species may play a crucial role in regulating metabolic function and inflammatory responses. They further revealed the association between baseline gut microbiota and disease severity, response to treatment, and prognosis. Subsequently, they suggested that the effect of the gut microbiota on clonal plasma cell proliferation may be the focus of future studies. To further investigate this relationship between gut microbiome, immunity, and complications in diabetics, these authors established a diabetic cornea wound healing model in rodents (Bu et al.). They demonstrated that alterations in microvascular complications such as diabetic keratopathy and immune responses may potentially correlate with alterations in gut microbiota composition in diabetic patients. They were pleasantly surprised to find that these metabolic effects could be transferred to healthy lean individuals using a fecal transplant technique to produce a similar state of insulin resistance. Thus, the gut microbiota may be an important target in the treatment of metabolic syndrome and type 2 diabetes mellitus. The meta-analysis by Yan et al. showed differences in enterobacteriaceae in gestational diabetes mellitus (GDM) and non-GDM populations, and explored inflammation and possible immune mechanisms associated with the pathophysiology of this disease. The results showed specific changes in the composition of the gut microbiota in GDM patients. This suggests that we can provide bacterial targets for the prevention or treatment of GDM by rebuilding homeostasis of the gut microbiota.

The final contribution to this Research Topic centers on the molecular mechanisms whereby bacterial components, metabolites, and other mediators of gut microbiota, interact with the host immune system; Mao et al. used gut microbiota as a target to investigate differences in gut microbiota diversity between diabetic kidney disease (DKD) patients and non-DKD patients. Furthermore, the combined application of metagenomic and metabolomic approaches verified that a large number of metabolites produced by gut microbiota and circulating metabolites are key signaling molecules and substrates involved in metabolic reactions in the progression of DKD. In a surprising result, they confirmed the existence of an enteric-renal axis. The exploration of the molecular mechanism or pathway involved in DKD may be beneficial to the development of individualized prevention and treatment options. It is well known that short-chain fatty acids (SCFAs), a type of saturated fatty acid, are produced by the fermentation of the gut microbiome. Tao et al. discussed the role of gut microbiota imbalance in the pathogenesis of diabetic nephropathy under the influence of SCFAs. At the same time, it may also underlie immune response by gut microbiota imbalance in diabetic patients, which damages the structure and function of the kidney. They also discussed the role of SCFAs in regulating energy metabolism, the inhibition of inflammation, and oxidative stress, and the regulation immune response. Thus, they emphasize that SCFAs may be valuable in the diagnosis and treatment of DKD.

The importance of the gut microbiota is gradually being recognized by the field of microbiology due to the huge diversity seen in both its quantity and composition, and its ability to regulate metabolic organs. The reviews and original research in the present collection expand our understanding of the role of the gut microbiota and its metabolites as a critical endocrine organ, with a particular focus on the relationship between the gut microbiota and host diseases. We anticipate that future clinical validation of these findings and more detailed stratified analyses will identify novel biomarkers and disease-causing mechanisms that may permit prophylactic and/or therapeutic intervention.
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Diabetic foot infections (DFIs) represent a frequent complication of diabetes and a major cause of amputations. This study aimed to evaluate the utility of 16S rRNA gene sequencing for the rapid microbiological diagnosis of DFIs and to consistently characterize the microbiome of chronic diabetic foot ulcers (DFUs) and intact skin. Wound samples were collected by ulcer swabbing and tissue biopsy, and paired swabs of intact skin were collected from 10 patients with DFIs (five were moderately infected, and the other five were severely infected). Samples were analyzed by conventional culture and using Personal Genome Machine (PGM) 16S rRNA sequencing technology. The results showed that PGM technology detected significantly more bacterial genera (66.1 vs. 1.5 per wound sample, p < 0.001); more obligate anaerobes (52.5 vs. 0%, p < 0.001) and more polymicrobial infections (100.0 vs. 55.0%, p < 0.01) than conventional cultures. There was no statistically significant difference in bacterial richness, diversity or composition between the wound swabs and tissues (p > 0.05). The bacterial community on intact skin was significantly more diverse than that in DFUs (Chao1 value, p < 0.05; Shannon index value, p < 0.001). Gram-positive bacteria (67.6%) and aerobes (59.2%) were predominant in contralateral intact skin, while Gram-negative bacteria (63.3%) and obligate anaerobes (50.6%) were the most ubiquitous in DFUs. The most differentially abundant taxon in skin was Bacillales, while Bacteroidia was the bacterial taxon most representative of DFUs. Moreover, Fusobacterium (ρ = 0.80, p < 0.01) and Proteus (ρ = 0.78, p < 0.01) were significantly correlated with the duration of DFIs. In conclusion, PGM 16S rRNA sequencing technology could be a potentially useful technique for the rapid microbiological diagnosis of DFIs. Wound swabbing may be sufficient for sampling bacterial pathogens in DFIs compared with biopsy which is an invasive technique. The empirical use of broad-spectrum antibiotics covering Gram-negative obligate anaerobes should be considered for the treatment of moderate or severe DFIs.

KEYWORDS
 16S rRNA gene sequencing, personal genome machine, diabetic foot infections, anaerobes, tissue biopsy, swab


Introduction

An estimated 537 million adults aged 20–79 years worldwide have diabetes, including 140.9 million adults in China (Sun et al., 2022). Diabetic foot ulcers (DFUs) represent a serious complication of diabetes, with a reported annual incidence of 1.5–16.6% (roughly 8.3% in China) and an estimated lifetime incidence of 15–25% (Singh et al., 2005; Jiang et al., 2015; Zhang et al., 2017). It is estimated that every 20 s, a lower limb is amputated due to diabetes somewhere in the world, and nearly 90% of these amputations occur in association with infections (Lavery et al., 2006, 2007; Bakker et al., 2016). Consequently, causative organisms must be reliably diagnosed and promptly controlled. Nevertheless, existing clinical microbiology methods lack the capacity to rapidly and comprehensively diagnose complex pathogenic microorganisms in DFUs.

Traditionally, the composition of the wound microbiota has been defined using culture-based methods. However, as previous studies have indicated, conventional culture suffers from several limitations: it is time consuming (requiring 3–5 days on average), only approximately 2% of all known bacteria can be cultured in the laboratory and culture-based techniques may not necessarily reveal the most abundant or clinically important organisms in vivo (Rowan, 2004; Forward, 2006; Petti et al., 2006a; Dowd et al., 2008; Grice and Segre, 2011; Tuttle et al., 2011; Dunyach-Remy et al., 2014). The development of molecular techniques to identify and quantify microbial organisms has revolutionized our view of the microbial world. 16S rRNA gene sequencing may provide more definitive taxonomic classification than culture-based approaches for many organisms while also proving less time consuming and labor intensive (Petti et al., 2006b; Salipante et al., 2013). Ion Torrent Personal Genome Machine (PGM) sequencing is a cost effective and time saving technique. It has been demonstrated to be sufficiently rapid and accurate for bacterial species identification from cystic fibrosis sputum samples and periodontitis saliva samples (Sebastian et al., 2012; Salipante et al., 2013). However, the PGM technique has not yet been applied to diabetic foot infections (DFIs). Therefore, we explored the feasibility of using PGM technology for the rapid diagnosis of bacterial pathogens in infected diabetic foot wounds.

In addition, the reliability of different sampling techniques for the microbiological diagnosis of DFIs has been disputed (Pellizzer et al., 2001; Gjødsbøl et al., 2011; Lipsky et al., 2013). Most researchers consider tissue biopsy to be the most reliable sampling technique for the identification of pathogens in DFIs, but swabbing is more widely applied in clinical practice because it is easy to perform and noninvasive (Bowler et al., 2001; Gjødsbøl et al., 2011; Lipsky et al., 2013, 2020). Thus, we compared swab and tissue specimens for the microbiological diagnosis of DFIs to evaluate the necessity of performing biopsies.

Furthermore, previous studies have indicated that skin supports the growth of commensal bacteria, which directly and indirectly protect hosts from pathogenic bacteria (Chiller et al., 2001; Cogen et al., 2008). As an attempt to find a novel target for microecological prevention and to consistently characterize the microbiome of chronic DFUs, the differences in bacterial community composition between wounds and intact skin were analyzed. Moreover, Angela Oates et al. proposed that contralateral intact skin samples may provide insight into the microbial composition of skin prior to wounding because of high levels of conservation between contralateral skin sites within individuals (Oates et al., 2012). Based on this, correlation analysis of the microbiome between DFUs and contralateral intact skin was performed within individuals to provide insights into whether DFUs are vulnerable to opportunistic pathogens from skin prior to wounding.



Materials and methods


Patients

A total of 10 patients with DFIs were recruited for this study. All patients agreed to participate in this study and provided written consent. The study inclusion criteria were as follows: (1) a current or previous diagnosis of type 2 diabetes; (2) age ≥ 18 years; (3) the presence of a foot ulcer, which is defined as a break in the skin of the foot that involves at minimum the epidermis and part of the dermis (Van Netten et al., 2020); and (4) clinically infected DFUs, which were diagnosed based on the presence of at least two of the following symptoms: local swelling or induration, >0.5 cm of erythema around the wound, local tenderness or pain, local warmth, and purulent discharge. The severity of DFIs was graded according to the infection part of the PEDIS classification proposed by the IWGDF (Lipsky et al., 2020; Monteiro-Soares et al., 2020): grade 1 wounds were uninfected; grade 2 wounds were mildly infected, involving only the skin or subcutaneous tissue, and any erythema present extended <2 cm around the wound; grade 3 lesions were moderately infected, involving erythema extending ≥2 cm from the wound margin, and/or tissue deeper than the skin and subcutaneous tissues (e.g., bone, joint, tendon, and muscle); and grade 4 wounds were severely infected, including any foot infection with systemic inflammatory response syndrome. The study exclusion criteria were as follows: (1) receiving systemic or topical antimicrobials 2 weeks prior to this study; and (2) refusal or inability to tolerate debridement, e.g., those with severe coagulopathy, peripheral artery disease, or cardiopulmonary insufficiency.



Sample collection

No antimicrobial agent (e.g., alcohol or iodine) or antiseptic was introduced into the wound before specimen collection. After debridement, two specimens were collected from the same area of each wound by swabbing the wound with the Levine technique (Rondas et al., 2013; S group, labeled S1, S2…S9, S10) and by taking a deep tissue biopsy (T group, labeled T1, T2…T9, T10). The Levine method involves rotating the swab over a 1 cm2 area of the wound for 5 s, and applying sufficient pressure to exude and collect fluid from the tissue onto the swab. Meanwhile, the area of intact contralateral skin was sampled by swabbing the skin with a cotton swab that was moistened with sterile saline (Oates et al., 2012; C group, labeled C1, C2…C9, C10). All samples were placed into sterile transport containers and transported to the laboratory within 30 min. One swab and one biopsy from the same wound were aerobically and anaerobically cultured using standard procedures. The remaining samples were frozen at −80°C until DNA extraction was performed.



DNA extraction and PCR amplification of 16S rRNA genes

Genomic DNA was extracted from tissue and swab samples by using the QIAamp DNA Mini Kit (Qiagen). The V1–V2 hypervariable region of the 16S rRNA gene was amplified as described in the literature (Noah et al., 2008; Anne Han et al., 2011; Salipante et al., 2013). The PCR products were run on an agarose gel and purified using the AxyPrepDNA Gel Extraction Kit (Axygen). After being extracted from the gel and having their presence confirmed by further agarose gel electrophoresis, the products were quantified. Equal quantities of all samples were pooled for sequencing. Emulsion PCR was performed using the Ion Xpress Template kit V2.0 (Life Technologies) according to the instructions described in the user guide provided by the manufacturer (Sebastian et al., 2012).



Sequencing data processing

Sequencing was carried out on the Ion Torrent PGM system (Life Technologies) using 318 chips (Salipante et al., 2013). After sequencing, the data were optimized and denoised. The resulting sequences met the following criteria: (1) contained the reverse primer and the barcode; (2) ≥ 150 bp in length; (3) no ambiguous bases; (4) homopolymers <8 bp; and (5) average quality score > 25 (Wang et al., 2015). Subsequently, we clustered the sequences into 97% similarity operational taxonomic units (OTUs) as a basis for further analysis. Finally, each processed 16S rRNA gene sequence was aligned with the SILVA rRNA database, to identify the most similar bacterial taxon with more than 80% confidence.



Statistical analysis

Variables were compared using Student’s t-test (to compare normally distributed quantitative variables between two groups), one-way ANOVA (to compare normally distributed quantitative variables among three groups), or the χ2 test (to compare categorical variables). Spearman correlation analysis was used to analyze the correlations between the genera and clinical indicators of DFI patients. A p value of 5% was considered statistically significant (p < 0.05).




Results


Clinical data and conventional culture results

Ten patients (seven males and three females) with DFIs were enrolled in this study. Among the 10 DFUs, 5 (50%) were moderately infected, and the other 5 (50%) were severely infected. A total of 14 isolates from six genera were cultured from wound swabs, while 17 isolates from 10 genera were cultured from deep tissue specimens. The most frequently occurring genera in swab specimens and tissue specimens were Streptococcus (28.6%) and Enterococcus (23.5%), respectively. There were no obligate anaerobes (Table 1).



TABLE 1 Clinical data and conventional culture results.
[image: Table1]



Composition of bacterial communities determined by 16S rRNA sequencing

The dominant genera that had a relative abundance >1% are indicated in Figure 1. In contralateral intact skin, Gram-positive bacteria and aerobes were predominant, accounting for 67.6 and 59.2%, respectively. In diabetic foot wounds, Gram-negative bacteria (56.8% in the S Group, 63.3% in the T Group) and obligate anaerobes (54.3% in the S Group, 50.6% in the T Group) were the most ubiquitous. No significant differences in the bacterial composition of DFUs or skin were observed between females and males [permutational multivariate analysis of variance (PERMANOVA), p > 0.05].

[image: Figure 1]

FIGURE 1
 A dendrogram and histogram of the bacterial composition at the genus level. The dendrograms were constructed based on the unweighted pair group method with the arithmetic mean (UPGMA). The bacterial compositions of samples are more similar to each other with closer evolutionary relationships. The histogram visualizes the relative abundance of each sample at the genus level.


Staphylococcus had the greatest relative abundance in contralateral intact skin (41.3%), followed by Corynebacterium (16.5%), Stenotrophomonas (6.1%), and Kocuria (6.0%). In diabetic foot wounds, Prevotella (15.5, 11.7%) was the most abundant genus in both swab and deep tissue samples, followed by Corynebacterium (11.9, 11.6%), Bacteroides (10.0, 10.9%), and Stenotrophomonas (6.4, 7.6%). All wound samples showed polymicrobial infections using 16S rRNA sequencing, and Gram-negative obligate anaerobes (including Prevotella, Bacteroides, Fusobacterium, and Porphyromonas) predominated in 70% of wound swabs and 50% of wound tissue samples.



Comparison of microbiological diagnosis between conventional culture and 16S rRNA sequencing.

16S rRNA sequencing technology detected significantly more bacterial genera (an average of 66.1 vs. 1.5 per wound sample, p < 0.001), more obligate anaerobes (52.5 vs. 0%, p < 0.001), more Gram-negative bacteria (60.0 vs. 38.7%, p < 0.05), and more polymicrobial infections (100.0 vs. 55.0%, p < 0.01) than traditional bacterial culture (Figure 2). The sequencing results contained 93.5% of genera identified by conventional culture in this study. However, 70% of the most dominant pathogens (highest abundance) diagnosed by 16S rRNA sequencing were in disagreement with conventional culture results. In addition, the bacterial culture result for DFI was negative in Patient 6, but 16S rRNA sequencing found that Bacteroides (Gram-negative obligate anaerobe) was dominant.

[image: Figure 2]

FIGURE 2
 Comparison of the microbiological diagnosis between conventional culture and 16SrRNA sequencing. (A) The numbers of genera identified in the sequencing group were significantly higher than those in the culture group. (B) Significantly more obligate anaerobes were detected in the sequencing group than in the culture group. (C) The percentage of Gram-negative bacteria in the sequencing group was higher than that in the culture group. (D) More polymicrobial infections were detected in the sequencing group than in the culture group. ***p < 0.001, ** p < 0.01, and *p < 0.05.




Concordance between wound swabs and tissues analyzed by 16S rRNA sequencing

There was no significant difference in bacterial richness or diversity between the S and T groups at the number of observed genera, Chao1 value or Shannon index value (p > 0.05). Subsequently, principal coordinate analysis indicated that wound swabs and tissues had similar bacterial communities (PERMANOVA, p > 0.05; Figure 3). Hierarchical clustering also showed that the compositions of the samples from the S Group and T Group from the same patient were similar, with noticeably closer evolutionary relationships than samples from separate patients (Figure 1). A subsequent correlation analysis revealed strong similarity between wound swabs and tissue samples within an individual, which was significantly higher than the similarity between individuals (the average correlation coefficient was 0.84 vs. 0.19, p < 0.001; Figure 4).
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FIGURE 3
 Principal component analysis (PCA) of the three groups. Samples that are more similar to each other should appear closer together along the corresponding axis reflecting the variation among all samples. Coordinates for the genera arrows are correlations with each axis, and only the seven most important (based on the magnitude of correlations) genera are shown.
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FIGURE 4
 Correlation matrix for all samples. The correlation coefficient values are indicated by different shades of color according to the scale to the right of the matrix. The scale ranges from 0 to 1, where 1 represents the most similar samples.




Microbiome correlation between skin and DFUs

According to the hierarchical clustering dendrogram, there was no strong correlation of the microbiome between healthy skin and wounds within an individual in 80% of the patients; the exceptions were patients 3 and 9 (Figure 1). A subsequent correlation analysis (Figure 4) indicated significant intra-individual positive correlations between skin and DFIs in patients 3 and 9 (correlation coefficients of 0.74 and 0.95, respectively), while weak positive correlations between the paired skin and wounds were observed in the other patients (mean: 0.18). The average correlation coefficient of the C and T groups within an individual was 0.31, whereas the correlation between individuals was 0.22; the difference was not statistically significant (p > 0.05).



Differences in the microbiome between DFUs and intact skin by using 16S rRNA sequencing

The bacterial richness and diversity of contralateral skin were significantly higher than those of diabetic foot wounds (including the S group and T group) in terms of the number of observed genera (p < 0.001), Chao1 value (p < 0.05), and Shannon index value (p < 0.001). The principal coordinate analysis indicated a significant difference in bacterial communities between diabetic foot wounds and skin (PERMANOVA, p < 0.01; Figure 3).

Linear discriminant analysis (LDA) effect size (LEfSe) was used to describe the effect sizes of differences in the microbiota composition between intact skin and diabetic foot wounds (Figure 5). At the phylum level, Bacteroidetes (LDA score = 4.05, p < 0.01) was enriched in DFIs, whereas Actinobacteria (LDA score = 3.91, p < 0.05) was mostly enriched in intact skin. At the genus level, no taxa in diabetic foot wounds reached the minimum LDA score, while Staphylococcus (LDA score = 4.21, p < 0.01), Kocuria (LDA score = 3.41, p < 0.001), and Brachybacterium (LDA score = 2.98, p < 0.001) were the most differentially abundant bacterial taxa in intact skin.
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FIGURE 5
 Linear discriminant analysis (LDA) effect size results for the bacterial communities of intact skin and wounds. Linear discriminant analysis indicating differentially abundant taxa between skin and wounds. Only taxa with an LDA score > 2.4 and p < 0.05 are shown. p_: phylum, c_: class, o_: order, f_: family, and g_: genus.




Correlations between genera in DFI wounds and clinical parameters

Prevotella (ρ = 0.80, p < 0.01) and Porphyromonas (ρ = 0.76, p < 0.05) were significantly correlated with the duration of diabetes (DM_y). Fusobacterium (ρ = 0.80, p < 0.01) and Proteus (ρ = 0.78, p < 0.01) were significantly correlated with the duration of DFIs (DFI_d). Rothia was positively correlated with the PEDIS grade, and the genera with the greatest negative correlations with PEDIS grade were Lachnoanaerobaculum (ρ = 0.83, p < 0.01) and Prevotella (ρ = 0.80, p < 0.01; Figure 6).
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FIGURE 6
 Correlations between genera in DFI wounds and clinical parameters. Correlation coefficients are marked in the heatmap. Red indicates a positive correlation with each index, and blue indicates a negative correlation with each index. DM _y: duration of diabetes (years), DFI _d: duration of diabetic foot infection (days).





Discussion

A rapid and accurate technique for identifying pathogenic bacteria from infected diabetic foot wounds would be of great value in helping clinicians quickly select targeted antibiotic treatments. The results of our study highlight PGM sequencing as a promising tool for the bacteriological diagnosis of DFIs. By comparing the results of PGM sequencing and conventional culture, we identified the following advantages of 16S rRNA sequencing for identifying pathogenic bacteria in DFIs: (1) fast speed (2.3–7.3 h of running time, total process <24 h) leads to rapid diagnosis of the bacterial community, which enables the informed clinical selection of targeted antibiotics in a timely manner. (2) 16S rRNA sequencing technology detected significantly more bacterial genera and more polymicrobial infections than conventional culture. Cultures may greatly underestimate the diversity and richness of the microbiome in DFIs. (3) PGM technology is not restricted by culture conditions and can identify bacteria that have fastidious requirements for their growth environment. In this study, 16S rRNA sequencing detected that Gram-negative bacteria and obligate anaerobes were predominant in DFIs. However, the prevalence of anaerobes may be underrepresented by conventional culturing, while overestimating the abundance of Gram-positive aerobes (such as Staphylococci, Streptococcus, etc.) which grow more easily in ordinary culture medium. (4) Theoretically, 16S rRNA sequencing may better reflect the true bacterial community of the samples in vivo than traditional culture. Some bacteria grow more rapidly than others during the culture procedure and may come to dominate the composition of the culture; thus, the results of culture may not reflect the true bacterial composition within the sample (Moon et al., 2021). In contrast, 16S rRNA sequencing identifies the pathogenic bacteria of DFIs by processing and analyzing the genomic DNA of samples directly. Thus, the sequencing results can be largely protected from influence by the in vitro environment. This may be one of the reasons for the low consistency of microbiological results between conventional culture and 16S rRNA sequencing. Based on these results, PGM 16S rRNA gene sequencing may be able to increase the reliability and speed of identification of bacterial communities in wounds to provide a basis for timely and efficient antibiotic selection for patients with DFIs.

The International Working Group has proposed that clinicians should obtain cultures from a tissue specimen rather than from a swab for DFIs (Bowler et al., 2001; Lipsky et al., 2020). However, some researchers have proposed that it is sufficient to use swabbing instead of the more invasive procedure of tissue biopsy to identify pathogens, as swabs can recover high relative abundances of known and potential genera (Gjødsbøl et al., 2011; Travis et al., 2020). In our study, the sequencing results showed no significant differences in the richness, diversity, or composition of bacterial communities between the two different specimen types. The results were consistent with those of some early studies in DFUs and other chronic wounds (Pellizzer et al., 2001; Gjødsbøl et al., 2011). However, other studies showed that the quantity of pathogens or composition of bacterial communities identified by swabbing significantly differ from those obtained by tissue biopsy in DFUs (Dunyach-Remy et al., 2014; Nelson et al., 2016; Travis et al., 2020). This discrepancy might be related to the cleansing or debridement step performed before specimen collection and the Levine swabbing technique used in our study, which may reduce superficial contamination and facilitate access to exudate fluid from deeper in the wound bed by swabbing. In addition, the distribution of organisms within the wounds is patchy, which may lead to different results of bacterial communities between swab and tissue samples. In the present study, we collected swab samples and paired tissue biopsy samples from the same area of each wound, while J. Travis et al. collected tissue samples from an unswabbed area (Travis et al., 2020), and Frank et al. collected swab samples covering a greater wound surface area than the tissue biopsy (Frank et al., 2009). Biopsy to obtain tissue specimens is more invasive than swabbing and may cause damage to surrounding tissues and blood vessels. In addition, biopsy requires a skilled clinician and usually needs to be performed under local anesthesia (Gjødsbøl et al., 2011; Travis et al., 2020). Our study showed that by ulcer swabbing using the Levine technique, which is less invasive and easier to perform than biopsy, followed by 16S rRNA gene sequencing may be suitable for sampling bacterial pathogens in DFIs.

In this study, 16S rRNA gene sequencing results indicated that Gram-positive bacteria and aerobes were predominant in the intact skin contralateral to DFUs, while Gram-negative bacteria and obligate anaerobes were the most ubiquitous in infected diabetic foot wounds. Some earlier studies have also shown that anaerobic bacteria are the most prevalent pathogens in chronic wounds (Urbancic-Rovan and Gubina, 2000; Howell-Jones et al., 2005; Dowd et al., 2008). At the genus level, Staphylococcus, Corynebacterium, Stenotrophomonas, and Kocuria had the greatest relative abundance in skin, while Prevotella, Corynebacterium, Bacteroides, and Stenotrophomonas were the most abundant genera in DFUs. Notably, there are some dominant genera (such as Corynebacterium, Stenotrophomonas, etc.) shared between contralateral skin and wounds within an individual; these genera are believed to be opportunistic pathogens from skin. Further analysis indicated that patient 3 and patient 9, who were infected predominantly with Corynebacterium and Staphylococcus, respectively, showed strong intra-individual positive correlations between skin and DFI microbiome composition, reflecting the principle that opportunistic pathogens from skin sometimes may result in DFIs. However, the correlation coefficients of paired and unpaired skin/wound samples were not significantly different; thus, it cannot be concluded that an individual wound should be more similar to the corresponding skin than to any other DFI patient’s skin. This may be due to the high similarity of skin microbiomes between individuals with DFIs. Further research should be performed to compare the microbiomes of intact foot skin among people with diabetes, people with DFIs, and healthy people to better understand the correlation of the microbiome between DFIs and corresponding skin. Our study suggests that clinicians should focus on treatments that target Gram-negative obligate anaerobes and opportunistic pathogens in moderate or severe DFIs when selecting an empirical antibiotic therapy.

Our study also found that skin had significantly higher bacterial richness and diversity than diabetic foot wounds, indicating that the microecological balance of skin would be destroyed and that pathogenic bacteria would predominate instead of resident flora when the skin of diabetic patients had an ulcer. These results were consistent with the results reported by Scot E. Dowd et al. (Gontcharova et al., 2009). LEfSe analyses were performed, emphasizing statistical significance, biological consistency, and effect relevance (Segata et al., 2011; Pang et al., 2020), with the aim of identifying differential biomarkers that explain most of the effect differentiating phenotypes of DFIs and intact skin. The results demonstrated that Bacteroidia, Bacteroidales, Bacteroidetes, and Lactobacillales represented bacterial taxa in diabetic foot wounds, but no taxa at the family or genus level were consistently present because of the dispersive distribution of bacterial families and genera in DFIs. Further correlation analysis indicated that Prevotella and Porphyromonas were positively correlated with the duration of diabetes. Fusobacterium and Proteus were positively correlated with the duration of DFIs. The results were partially consistent with a previous study, reporting that the DFU duration was positively correlated with Proteobacteria, and the ulcer depth was associated with the abundance of anaerobic bacteria (Gardner et al., 2013). These results further emphasized the importance of performing anaerobic culture and using broad-spectrum empirical antibiotics covering anaerobes and Proteus for patients with chronic DFIs, which is easily ignored in clinical practice. In the present study, all samples were aerobically and anaerobically cultured. However, we did not use a special anaerobic container to transport the swab or tissue specimens in our hospital, which may be one potential explanation for the negative results of aerobic culture. On the other hand, the most representative bacterial taxa in intact skin included Bacillales, Staphylococcaceae, Staphylococcus, Bacilli, and Actinobacteria. Among them, previous research (Grice and Segre, 2011) has shown that Staphylococcus epidermidis (belonging to Staphylococcus, Staphylococcaceae, Bacillales, Bacilli, and Firmicutes) can bind keratinocyte receptors and inhibit the adherence of virulent Staphylococcus aureus. Propionibacterium acnes (belonging to Propionibacterium, Propionibacteriaceae, and Actinobacteria) can release fatty acids from lipid breakdown, acidifying the milieu, and inhibiting the growth of Streptococcus pyogenes. These symbiotic bacteria exist on the skin surface to maintain microecological balance, indicating that maintaining microecological balance may be an important way to prevent the occurrence of skin ulcers in diabetes. Moreover, there may be some “probiotics” that could promote wound healing at the skin surface. However, further study is required to prove this speculation.

In summary, PGM 16S rRNA sequencing technology is less time-consuming and a potential technique for the rapid microbiological diagnosis of DFIs. Ulcer swabbing which is relatively noninvasive and easy to perform, may be a suitable method for sampling bacterial pathogens in DFIs using the Levine technique, followed by 16S rRNA sequencing. Moreover, Gram-negative obligate anaerobes play a crucial role in DFIs, and opportunistic pathogens from the skin can lead to wound infections. The empirical use of broad-spectrum antibiotics covering Gram-negative obligate anaerobes should be considered for the treatment of moderate or severe DFIs.



Limitations

The major limitations of this study include the small number of included patients and the fact that all DFUs were classified as PEDIS grade 3 or 4. Because of these limitations, our study did not analyze the bacterial communities in wounds at varying depths. In addition, some defects in PGM 16S rRNA gene sequencing technology have been noted: (1) potential bias in estimates of bacterial diversity may exist because many copies of the 16S rRNA gene are present in some species; (2) the selection of the 16S rRNA gene amplification area may affect the identification of bacterial species; and (3) the specific information at the species level cannot be obtained accurately because of the limited information available from selective amplification of the target gene fragment, and bacteria were only able to be identified to the genus level in this study. Despite the shortcomings of 16S rRNA gene sequencing technology, this technology has great potential for clinical microbiological diagnosis and research on microbial diversity with the development of new molecular biological techniques.
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Background

Emerging evidence revealed that gut microbial dysbiosis is implicated in the development of plasma cell dyscrasias and amyloid deposition diseases, but no data are available on the relationship between gut microbiota and immunoglobulin light chain (AL) amyloidosis.



Methods

To characterize the gut microbiota in patients with AL amyloidosis, we collected fecal samples from patients with AL amyloidosis (n=27) and age-, gender-, and BMI-matched healthy controls (n=27), and conducted 16S rRNA MiSeq sequencing and amplicon sequence variants (ASV)-based analysis.



Results

There were significant differences in gut microbial communities between the two groups. At the phylum level, the abundance of Actinobacteriota and Verrucomicrobiota was significantly higher, while Bacteroidota reduced remarkably in patients with AL amyloidosis. At the genus level, 17 genera, including Bifidobacterium, Akkermansia, and Streptococcus were enriched, while only 4 genera including Faecalibacterium, Tyzzerella, Pseudomonas, and Anaerostignum decreased evidently in patients with AL amyloidosis. Notably, 5 optimal ASV-based microbial markers were identified as the diagnostic model of AL amyloidosis and the AUC value of the train set and the test set was 0.8549 (95% CI 0.7310-0.9789) and 0.8025 (95% CI 0.5771-1), respectively. With a median follow-up of 19.0 months, further subgroup analysis also demonstrated some key gut microbial markers were related to disease severity, treatment response, and even prognosis of patients with AL amyloidosis.



Conclusions

For the first time, we demonstrated the alterations of gut microbiota in AL amyloidosis and successfully established and validated the microbial-based diagnostic model, which boosted more studies about microbe-based strategies for diagnosis and treatment in patients with AL amyloidosis in the future.
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1 Introduction

Immunoglobulin light chain (AL) amyloidosis is the most common type of systemic amyloidosis, triggered by an underlying plasma cell dyscrasia and involves increased production and release of free immunoglobulin light chains, which form insoluble amyloid fibrils that are deposited in organs (1, 2). The incidence of AL amyloidosis is only 12 cases per million persons per year (3) and advanced multiorgan involvement often leads to delayed diagnosis and poor prognosis (4). Over the last decade, the advent of another plasma cell dyscrasia, multiple myeloma (MM)–derived novel agents such as proteasome inhibitors and daratumumab, has improved the longevity of most AL amyloidosis patients (5, 6). However, several issues remain unaddressed, such as a suboptimal hematological complete response rate, high early mortality, various outcomes depending on the extent and severity of organ damage, and frequently observed treatment-related toxic effects (7). In response to these existing problems, researches are mounting to identify factors that are responsible for the onset and progression of AL amyloidosis and determine the response to treatment in individual patients.

Recently, regarding the relationship between plasma cell dyscrasias and gut microbiota, several studies highlighted an intimate and intricate interaction between gut microbiota and MM (8–10). For example, Prevotella heparinolytica was found to promote the progression of MM in Vk*MYC mice by stimulating the differentiation of Th17 cells that inhabited the gut and migrated to the bone marrow (10). Jian and his colleagues (8) demonstrated that nitrogen-cycle bacteria such as Klebsiella and Streptococcus were considerably abundant in MM, which was probably due to the excessive accumulation of blood urea, and the altered gut microbiota, in turn, contributed to the malignant progression of MM. In addition, gut dysbiosis was observed in recipients of autologous hematopoietic cell transplantation (auto-HCT), which is the first-line therapy in MM or AL amyloidosis patients, and reduced peri-engraftment diversity in fecal samples is linked to poorer overall and progression-free survival in auto-HCT patients (11). Furthermore, the butyrate-produced bacteria Eubacterium hallii was more abundant in MM patients with minimal residual disease (MRD)- compared to MRD+ patients, which indicated an association between microbial community and treatment responses in MM patients (12).

The important role of gut microbiota in other types of amyloidosis was also preliminarily explored. Among patients with Familial Mediterranean fever (FMF), AA amyloidosis (AAA) was found to have two increased operational taxonomic units (OTUs) in the gut microbiota, and increased indoleamine 2,3-dioxygenase (IDO) activity and higher adiponectin levels (13). Additionally, the serum amyloid-associated (SAA) protein could function as an opsonin, and intestinal epithelial cells could synthesize it in response to the gut microbiota (14, 15). Furthermore, AAA can be induced by a high-fat diet in a mouse model overexpressing hepatic SAA (16), and numerous bacteria can release amyloid-enhancing factors that may be transmitted by ingestion and cross species barriers (17–20). In the autopsy series, approximately all patients with amyloidosis had digestive system involvement (21), and evidence of gut microbiota involvement in the etiology of another amyloid deposition disease, Alzheimer’s disease, is accumulating both in animal models and humans (22–25).

Based on these findings, gut microbiota seems to be a potential candidate for both synthesis of amyloid-enhancing factors and the overproduction of amyloid-related protein in amyloidosis diseases. However, to our best knowledge, no data are available on the relationship between gut microbiota and AL amyloidosis. In this study, we intended to fill this gap in knowledge by characterizing the gut microbial community in patients with AL amyloidosis, identifying specific microbial markers and validating their diagnostic efficacy, and further conducting a preliminary exploration of the relationship between baseline gut microbiota and disease severity, treatment response, and prognosis of AL amyloidosis.



2 Materials and methods


2.1 Research subjects

The research was conducted in accordance with the PRoBE design concept (prospective specimen collection and retrospective blinded evaluation) (26). This study was approved by the Ethics Committee of Xijing Hospital of the Fourth military medical university (KY20192070), and the participants provided their written informed consent to participate in this study.

Patients who were newly diagnosed with AL amyloidosis between July 2018 and February 2021 in Xijing hospital (Xi’an, China) were screened. The inclusion criteria included patients: I) were biopsy-proven primary systemic AL amyloidosis; II) ≥18 years of age. The exclusion criteria were patients: I) had digestive diseases or systemic diseases such as diabetes and hypertension; II) have been treated with chemotherapy; III) used antibiotics or probiotics within 3 months before sampling; IV) in the period of pregnancy.

Healthy volunteers who were age-, gender-, and body mass index (BMI)-matched with AL amyloidosis patients from the physical examination center of Xijing hospital were enrolled. The inclusion criteria were individuals: I) had a normal value of kidney and liver function, routine blood, feces, and urine tests, fasting blood glucose, blood lipids, and blood pressure; and II) ≥18 years of age. The exclusion criteria were individuals: I) administered antibiotics or probiotics three months before enrollment; II) had a history of any chronic diseases or acute infection.



2.2 Clinical data collection

The AL amyloidosis patient registration form was designed to record the demographic and clinical characteristics at kidney biopsy including gender, age, height, weight, blood pressure, medical history, pathological results, biochemical indexes, and therapies. All indicators above were uniformly tested and issued by the Laboratory Department of Xijing Hospital and extracted from the patient medical record system. Clinical organ involvement was assessed according to international consensus criteria (27), and the Mayo 2012 staging system was used for stratification (28).



2.3 Follow-up and survival outcomes

The final follow-up date was March 31, 2022. Overall survival (OS) was defined as the time from diagnosis to death or the last follow-up. Patients who were alive at the last follow-up were censored at that date. Progression-free survival (PFS) was defined as the period from treatment initiation to disease progression, relapse, or death from any cause.



2.4 Therapeutic strategy and response evaluation

All patients received subcutaneous bortezomib at a dose of 1.3 mg per square meter of body-surface area, and dexamethasone at a dose of 40 mg orally or intravenously once weekly for 28 days each cycle. The assessment of hematological and organ response was performed according to the validated response criteria published by the International Society of Amyloidosis (29, 30). A ≥25% eGFR decrease was considered as the criterion for renal progression. All response assessment was performed on an intent-to-treat (ITT) basis.



2.5 Fecal samples collection and bacterial taxon identification

Each individual provided a fresh tail stool sample at 06:30–08:30 hours. Fecal samples were quickly placed in sterile specimen tubes, and transferred to a -80°C cryogenic refrigerator for further analysis. DNA extraction was carried out as previously described by our team (31).



2.6 Polymerase chain reaction (PCR), miseq sequencing, and sequence data processing

DNA libraries were constructed, and the sequencing was performed on an Illumina MiSeq platform by Shanghai Mobio Biomedical Technology Co. Ltd., China. The 16S ribosomal RNA (rRNA) gene sequence that targeted the V3-V4 region was applied to identify the bacterial taxon, which was detailed described in a previously published article by our team (31). Original Illumina read data for all samples were stored in the NCBI Sequence Read Archive (SRA) database under accession number PRJNA825339 and PRJNA574226.



2.7 Bioinformatics and statistical analysis

Amplicon sequence variants (ASVs) were identified with the DADA2 algorithm. The representative sequences for each ASV were annotated using the SILVA reference database (SSU138). QIIME feature classifier was used for species annotation, which was the species annotation plug-in of the QIIME 2 analysis process, and adopted the classify-sklearn algorithm. Alpha diversity metrics (ACE estimator, Chao 1 estimator, Shannon-Wiener diversity index and Simpson diversity index) were assessed by using Mothur v1.42.1. The non-parametric Mann-Whitney U test was used to test for significant differences between two groups. A comparison of multiple groups was done using a nonparametric Kruskal-Wallis test. Bray-Curtis, weighted UniFrac, unweighted UniFrac, and Jaccard-binary dissimilarity were calculated in QIIME. Principal coordinate analysis (PCoA) plots and PERMANOVA which were used to test for statistical significance between the groups using 10,000 permutations were generated in R (version 3.6.0) package vegan 2.5-7. The linear discriminant analysis (LDA) effect size (LEfSe) (32) was used to detect taxa with differential abundance among groups (lefse 1.1, https://github.com/SegataLab/lefse). A heatmap plot of the key ASVs identified by random forest models was generated by using the ‘pheatmap’ package of the R program. Probability of disease (POD) index was defined as the ratio between the number of randomly generated decision trees that predicted sample as “AL amyloidosis” and that of healthy controls. The identified optimal set of ASVs was finally used for the calculation of POD index for both the training and the testing cohort. A receiver operating characteristics (ROC) analysis was performed to measure the quality of the classification models by the R software package pROC. PICRUSt2 v2.4.1(https://github.com/picrust/picrust2/wiki) (33) was used to predict functional abundances in the Kyoto Encyclopedia of Genes and Genomes (KEGG) PATHWAY database based on 16S rRNA gene sequences. Spearman’s rank correlation was performed to explore correlations between ASVs and the clinical characteristics of patients with AL amyloidosis.




3 Result


3.1 Baseline clinical characteristics of patients with AL amyloidosis and healthy controls

We recruited 27 patients with AL amyloidosis and 27 healthy controls (HCs). Process and flow chart of this study were demonstrated in Figure 1. The baseline clinical characteristics of these two groups were shown in Table 1. Age, gender, and BMI were matched between these two groups. There was also no significant difference between two groups at serum creatinine level, while albumin was considerably lower in patients with AL amyloidosis than that in healthy controls. The median baseline difference between the involved and uninvolved free light chain (dFLC) levels was 142 mg/L (range, 15 to 1201), and the median proteinuria was 2780 mg/24 h (range, 102 to 7905). A total of 18 patients (66.7%) had two or more organs involved; 81.48% of patients had kidney involvement, and 62.96% had heart involvement. The majority of patients (96.29%) were classified as lambda isotype and approximately half of patients (48.15%) had a Mayo 2012 stage of III or higher.




Figure 1 | Study design and flow diagram. A total of 54 fecal samples from 27 AL amyloidosis patients and 27 healthy controls were collected. Firstly, we characterized the gut microbiota in patients with AL amyloidosis compared with age-, gender-, and BMI-matched HCs. Secondly, a diagnostic model was established and validated to identify the optimal microbial markers for AL amyloidosis. Furthermore, after a median follow-up of 19.0 months, subgroup analysis also demonstrated some key gut microbial markers were related to organ involvement, mayo 2012 stages, hematological response, organ response, and even prognosis of patients with AL amyloidosis. AL amyloidosis, immunoglobulin Light Chain Amyloidosis; BMI, body mass index; HCs, healthy controls; CR, complete response; VGPR, very good partial response; PR, patial response; NR, no response; PFS, progression-free survival.




Table 1 | Demographic and clinical characteristics of the participants at baseline.





3.2 Data quality and changes in gut microbiota diversity of AL amyloidosis

The rarefaction curve revealed the number of ASVs of each sample at different sequencing quantities, which indicated that the amount of sequencing data is large enough to reflect the vast majority of microbial information in the samples when the curve approaches plateau (Figure 2A). In total, 3,629,337 usable raw reads were obtained from 54 stool samples. After quality filtering and assembly of overlapping paired-end reads, 1,892,625 high-quality reads were generated and 976 ASVs were obtained. The average number of sequences per sample was 67,209 ± 20,151 (range 35,925–120,795, Supplementary Table 1). A total of 729 ASVs were shared among the two groups according to the Venn diagram, while 168 ASVs were unique for AL amyloidosis, and 79 ASVs were specific for HCs (Figure 2B). No significant differences in community richness (estimated by Chao and ACE indices) and diversity (measured by Shannon and Simpson indices) were observed between AL amyloidosis and healthy controls (Supplementary Table 2). The gut microbial communities in patients with AL amyloidosis and the HCs were clustered separately, indicating a marked differentiation in taxonomic composition based on Jaccard-binary distances (Adonis, p = 0.0155, Figure 2C; Supplementary Table 3). In the ANOSIM analysis based on Jaccard-binary distances (Figure 2D; Supplementary Table 3), the difference between the two groups was significantly greater than that within the groups, further confirming the value of comparison between these two groups (R = 0.055, p = 0.0162).




Figure 2 | Data quality and gut microbiota diversity in patients with AL amyloidosis and HCs. (A) The rarefaction curve revealed the number of ASVs of each sample at different sequencing quantities. (B) The Venn diagram displaying overlap between the two groups showed that 729 of the 976 ASVs were shared between the AMY and HCs. A total of 168 of the 976 ASVs were unique to AMY. (C) β diversity based on PCoA analysis (Jaccard-binary distances) showed the fecal microbial communities in patients with AMY group and the HCs were clustered separately, indicating a good differentiation in taxonomic composition (Supplementary Table 3). (D) ANOSIM based on Jaccard-binary distances also showed that there were significant differences between the two groups (R = 0.055, p = 0.0162, Supplementary Table 3). AMY, patients with AL amyloidosis; HCs, healthy controls; ASVs, amplicon sequence variants; PCoA, principal coordinate analysis.





3.3 Changes in gut microbiota at the phylum and the genus levels in AL amyloidosis

Based on the taxonomic classification of the ASVs, the relative microbial abundance of 54 samples at different levels (phylum, class, order, family, and genus) was identified. The phylum and genus levels of fecal microbial composition in each sample from two groups were shown in Supplementary Figures 1A, B.

At the phylum level, Firmicutes, Bacteroidota, and Proteobacteria were the three dominant populations in two groups, accounting for up to 90% of sequences on average (Figure 3A). Compared with HCs, Actinobacteriota and Verrucomicrobiota were enriched (3.22% vs. 1.15%, 2.20% vs. 0.52%, respectively) in patients with AL amyloidosis, while Bacteroidota was considerably reduced in patients with AL amyloidosis (31.20% vs. 42.85%, all p < 0.05, Figure 3B; Supplementary Table 4).




Figure 3 | Composition and comparison of gut microbiomes in AMY (n = 27) and HCs (n = 27). Composition of the gut microbiota at the (A) phylum and (C) genus levels in AMY versus HCs. The significant different microbial community at the phylum level (B) and genus level (D) in AMY and HCs. The average abundance of each bacterium is depicted as the mean ± SE. P-values were calculated by a Wilcoxon rank-sum test and are shown in the Supplementary Tables 4, 5. *P < 0.05, **P < 0.01, ***P < 0.001. AMY, patients with AL amyloidosis; HCs, healthy controls.



At the genus level, Bacteroides, Faecalibacterium, and Escherichia-Shigella in AL amyloidosis, while Bacteroides, Faecalibacterium, and Prevotella in the HCs, were three dominant populations in two groups, each accounting for up to 5% of the sequences on average (Figure 3C). By comparison, we observed that a total of 21 genera had significantly different abundance between the two groups, and the relative abundance of the top 8 genera was presented in Figure 3D. Specifically, six genera, namely, Bifidobacterium, [Eubacterium]_coprostanoligenes_group, Akkermansia, Enterobacteriaceae_unclassified, Streptococcus, and Collinsella were enriched in the AL amyloidosis group (all p < 0.05), whereas Faecalibacterium and Tyzzerella were remarkably decreased in AL amyloidosis group (all p < 0.05, Figure 3D; Supplementary Table 5).



3.4 Phylogenetic profiles of the gut microbial communities in AL amyloidosis

In addition to the differences at the above different levels, we analyzed gut microbiota using the LEfSe approach to identify the specific taxa associated with AL amyloidosis. The histogram of LDA value distribution (Figure 4A) revealed that 35 microbial biomarkers clearly distinguished patients with AL amyloidosis and HCs (LDA > 2.5, all p < 0.05, Supplementary Table 6). Meanwhile, a cladogram (Figure 4B) depicting the fecal microbial structure and prevalent bacteria revealed the significant alterations in taxa between AL amyloidosis patients and HCs. Compared with the healthy group, patients with AL amyloidosis had a markedly higher abundance of several bacterial taxon chains within the phylum Verrucomicrobiota and Actinobacteriota. Specifically, p-Verrucomicrobiota.c-Verrucomicrobiae.o-Verrucomicrobiales.f-Akkermansiaceae.g-Akkermansia, p-Actinobacteriota.c-Actinobacteria.o-Bifidobacteriales.f-Bifidobacteriaceae.g-Bifidobacterium, p-Actinobacteriota.c-Coriobacteriia.o-Coriobacteriales.f-Coriobacteriaceae.g-Collinsella, as well as genus Eggerthella of family Eggerthellaceae in phylum Bacteroidota, were enriched in AL amyloidosis. Whereas in phyla Bacteroidota and Proteobacteria, two taxon clades, p-Bacteroidota.c-Bacteroidia.o-Bacteroidales and o-Pseudomonadales.f-Pseudomonadaceae.g-Pseudomonas, were substantially less abundant in AL amyloidosis patients (LDA > 2.5, all p < 0.05).




Figure 4 | LEfSe analysis based on ASV characterizations of gut microbiota in AMY (n = 27) and HCs (n = 27). (A) Histogram of LDA scores calculated for selected taxa showed significant differences in microbe type and abundance between AMY (red) and HCs (blue). LDA scores on a log10 scale are indicated at the bottom. The significance of the microbial marker increases with the LDA score. (B) Cladogram generated by the LEfSe method showed the phylogenetic distribution of gut microbiomes associated with AMY and HCs. Nodes in red indicate taxa that were enriched in AMY compared to those in HCs, while nodes in blue indicate taxa that were enriched in HCs compared to those in AMY. Only the taxa having a p < 0.05 (Wilcoxon rank-sum test) and LDA >2.5 are shown in the figure legend (Supplementary Table 6). AMY, patients with AL amyloidosis; HCs, healthy controls; ASVs, amplicon sequence variants; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; p, phylum; c, class; o, order; f, family; g, genus.





3.5 Microbial functional alteration in AL amyloidosis

To elucidate the functional and metabolic alterations of gut microbiota between AL amyloidosis and HC groups, PICRUSt2 analysis was used to predict functional abundances based on 16S rRNA gene sequences. We observed a substantial increase in functional abundance of 7 KEGG pathways in patients with AL amyloidosis compared with HCs, including one pathway at level 2, metabolism of other amino acids, and 6 pathways at level 3, namely, retinol metabolism, glutathione metabolism, naphthalene degradation, taurine and hypotaurine metabolism, zeatin biosynthesis, and apoptosis. Whereas, the genes of four pathways including metabolism of terpenoids and polyketides at level 2, and biosynthesis of ansamycins, synthesis and degradation of ketone bodies, glycerolipid metabolism at level 3 were significantly decreased in AL amyloidosis patients (all p < 0.05, LDA > 2.5, Figures 5A, B, and Supplementary Table 7).




Figure 5 | Prediction for differential functional and metabolic alterations of gut microbiota in AL amyloidosis by PICRUSt2 analysis. (A) Histogram of LDA scores calculated for selected KEGG pathways showed significant differences in gene functions between AMY (red) and HCs (blue). (B) Cladogram generated by the LEfSe method showed the phylogenetic distribution of differential gene functions in AMY and HCs. The default criteria LDA > 2.5 and p < 0.05 indicate different KEGG pathways and a higher abundance in one group than in the other (Supplementary Table 7). AMY, patients with AL amyloidosis; HCs, healthy controls; LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes.





3.6 Correlations between significantly different ASVs and clinical characteristics in AL amyloidosis

To explore correlations between ASVs and the clinical characteristics of patients with AL amyloidosis, Spearman’s rank correlation was performed. The oblique triangle heatmap indicated a taxon-taxon correlation between gut microbiota and clinical parameters. A total of 17 solid lines represented strong correlations (p < 0.01) between 9 ASVs and 7 clinical parameters and may be the focus of research (Supplementary Table 8; Figure 6A). For example, ASV605 (Streptococcus) was negatively correlated with systolic blood pressure (SBP) and positively correlated with ASV244 (Christensenellaceae_R-7_group), ASV496 (Marvinbryantia) and ASV638 (Bifidobacterium). In the genus Christensenellaceae_R-7_group, ASV518 and ASV895 were negatively correlated with albumin (ALB) and total protein (TP), and ASV518 was also positively correlated with age.




Figure 6 | Correlation analysis of differential ASVs and clinical characteristics of AL amyloidosis patients by Spearman’s rank test. The oblique triangle heatmap indicated a taxon-taxon correlation between fecal microbiota and clinical parameters in (A) both AMY and HCs and (B) only AMY group (Supplementary Tables 8, 9). Positive values (red) indicate positive correlations. Negative values (blue) indicate inverse correlations. Solid lines represent p ≤ 0.01. Dotted lines represent 0.01 < p ≤ 0.05. AMY, patients with AL amyloidosis; HCs, healthy controls; ASVs, amplicon sequence variants. BMI, body mass index; dFLC, difference in the involved to uninvolved free light chain; DBP, diastolic blood pressure; SBP, systolic blood pressure; WBC, white blood cell; TP, total protein; ALB, albumin; Hb, hemoglobin; PLT, platelet; S-cre, serum creatinine; eGFR, estimated glomerular filtration rate; ALP, alkaline phosphatase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ejection fraction; IVST, interventricular septal thickness.



As for AL amyloidosis-unique clinical parameters, a significant positive correlation existed between mayo 2012 stage and ASV649 (Alistipes) (ρ=-0.38, p = 0.049), and ASV167 (Bacteroides) (ρ=-0.61, p < 0.001). Moreover, lambda restricted had a negative correlation with ASV530 (Oscillospiraceae_UCG-005) (ρ=-0.39, p = 0.04). Significant positive correlations also existed between dFLC and ASV922 (Veillonella) (ρ=0.42, p = 0.027), and between ALP and ASV581 (Lachnospiraceae_unclassified) (ρ=0.40, p = 0.037, Supplementary Table 9; Figure 6B).



3.7 Identification and validation of ASV-based markers in the diagnosis of AL amyloidosis

According to the above significant difference in gut microbiota between AL amyloidosis and HCs, we assessed the potential use of gut microbiota-based signatures in the diagnosis of AL amyloidosis. A total of 63 ASVs were used for random forest modeling and biomarker selection, which were significantly different between the two groups (Mann-Whitney U test, p < 0.05) and their corresponding abundance was more than 0.1% in any sample. A five-fold cross-validation curve of the random forest model revealed that the 5 ASV-based markers were identified as the optimal marker set (Figure 7A). The relative abundance of the 5 ASV-based markers in each sample was presented in Supplementary Table 10. In the stochastic decision forest model, the distribution of ASV importance was demonstrated by the mean decrease in accuracy and mean decrease in the Gini coefficient (Figure 7B).




Figure 7 | Identification and validation of microbial ASV-based markers of AL amyloidosis by random forest models. A total of 63 ASVs were used for random forest modeling and biomarker selection, which were significantly different between the two groups (Mann-Whitney U test, p < 0.05) and their corresponding abundance was more than 0.1% in any sample. (A) 5 ASVs were selected by random forest models as the optimal AL amyloidosis biomarkers (Supplementary Table 10). (B) Importance distribution map of the selected microbial markers in the model. (C) POD was significantly higher in AMY than HCs in the training set (Supplementary Table 11). (D) The POD index had an AUC = 0.8549 with a 95% CI = 0.731- 0.9789 between AMY and HCs in the training set. (E) POD was significantly higher in Eps than HCs in the test set (Supplementary Table 12). (F) The POD index had an AUC = 0.8025 with a 95% CI = 0.57771-1 between AMY and HCs in the test set. AMY, patients with AL amyloidosis; HCs, healthy controls; ASVs, amplicon sequence variants; POD, probability of disease; AUC, area under the curve.



In the training phase, the probability of disease (POD) value was significantly increased in the AL amyloidosis samples compared with the control samples (p = 1.3×10–4, Figure 7C; Supplementary Table 11). The POD index achieved an AUC value of 0.8549 with 95% CI of 0.731 to 0.9789 between AL amyloidosis and HCs cohorts (p = 0.0001, Figure 7D).

In the validation phase, 9 HCs and 9 AL amyloidosis were used to validate the diagnostic efficacy of the POD for AL amyloidosis. Each POD of each patient was estimated and the relevant results are shown in the online Supplementary Table 12. The average POD value was significantly higher in the 9 patients with AL amyloidosis than that in 9 controls (p = 0.034, Figure 7E), and the POD attained an AUC value of 0.8025 (95% CI 0.5771-1, p = 0.0339) between AL amyloidosis and controls (Figure 7F).



3.8 Association between baseline gut microbiota and disease severity, treatment response, and prognosis in AL amyloidosis

Subgroup analysis was further done to reveal the association between the characteristics of gut microbiota at baseline and disease severity, treatment response, and prognosis in 27 patients with AL amyloidosis. All the following subgroups were matched between age, gender, and BMI (Supplementary Table 13).


3.8.1 Association between baseline gut microbiota and heart involvement in AL amyloidosis

Although patients with or without heart involvement did not have significant differences in the alpha and beta diversity in the baseline gut microbiota, they had abundance differences regarding some specific bacterial taxons. Compared with 10 patients without heart involvement, 17 patients with cardiac involvement had significantly enriched abundance of a bacterial taxon in the baseline gut microbiota, o-Enterobacterales. f-Enterobacteriaceae in phylum Proteobacteria (LDA > 2.5, p < 0.05, Figure 8A). While one bacterial taxon, o-Monoglobales.f-Monoglobaceae.g-Monoglobus was decreased in patients with cardiac involvement (in phylum Firmicutes, LDA > 2.5, p < 0.05, Figure 8A; Supplementary Table 14).




Figure 8 | Association between baseline gut microbiota and disease severity in AL amyloidosis. Histogram of LDA scores calculated for selected taxa showed significant differences in microbe type and abundance between (A) HI and NHI, (B) KI and NKI, (C) M1, M2, M3 and M4 (Supplementary Table 14). LDA scores on a log10 scale are indicated at the bottom. The significance of the microbial marker increases with the LDA score. The default criteria was LDA > 2.5 and p < 0.05. All the subgroups were matched between age, gender, and BMI (Supplementary Table 13). AMY, patients with AL amyloidosis; LDA, linear discriminant analysis; HI, heart involvement; NHI, non-heart involvement; KI, kidney involvement; NKI, non-kidney involvement; M1, mayo 2012 stage I; M2, mayo 2012 stage II; M3, mayo 2012 stage III; M4, mayo 2012 stage IV.





3.8.2 Association between baseline gut microbiota and kidney involvement in AL amyloidosis

Compared with 5 patients without kidney involvement, 22 patients with kidney involvement had a higher abundance of three bacterial taxon clades in phylum Firmicutes, o-Clostridiales.f-Clostridiaceae.g-Clostridiaceae_Clostridium_sensu_stricto, o-Monoglobales.f-Monoglobaceae.g-Monoglobus, and o-Peptostreptococcales Tissierellales.f-Peptostreptococcaceae, and two main decreased abundance of bacterial taxon clades, p-Desulfobacterota.c-Desulfovibrionia.o-Desulfovibrionales.f-Desulfovibrionaceae.g-Bilophila, and p-Synergistota.c-Synergistia.o-Synergistales.f-Synergistaceae (LDA > 2.5, all p < 0.05, Figure 8B; Supplementary Table 14).



3.8.3 Association between baseline gut microbiota and Mayo 2012 staging system in AL amyloidosis

In phylum Proteobacteria, order Burkholderiales and genus Parasutterella were enriched in patients with Mayo 2012 stage I. Two bacterial taxon chains were abundant in patients with Mayo 2012 stage II, o-Actinomycetales.f-Actinomycetaceae.g-Actinomyces and o-Peptostreptococcales Tissierellales.f-Peptostreptococcaceae.g-Romboutsia. Genus Cloacibacillus in phylum Synergistota was found enriched in patients with Mayo 2012 stage III (LDA > 2.5, all p < 0.05, Figure 8C). Patients with Mayo 2012 stage III/IV had a higher abundance of genus Escherichia_Shigella and Ruminococcaceae_UBA1819, while genus Oscillospiraceae_UCG_003 and Parasutterella were decreased compared with patients with Mayo 2012 stage I/II (Supplementary Figure 2; Supplementary Table 14).



3.8.4 Association between baseline gut microbiota and hematological response in AL amyloidosis

With a median follow-up of 19.0 months (range, 4.0 to 67.0), 19 (82.6%) of 23 patients had a hematologic response, including complete response (CR, 13 patients), very good partial response, (VGPR, 4 patients), partial response (PR, 2 patients) and 4 patients could not be evaluated because of incomplete data. According to the PCoA analysis based on weighted UniFrac distances, the microbial composition of CR patients was significantly distinct from VGPR patients (Adonis test, p = 0.0132, Supplementary Figure 3A). By applying LEfSe analysis (LDA > 2.5, Supplementary Figure 3B; Supplementary Table 14), we found one taxonomic chain, o-Monoglobales.f-Monoglobaceae.g-Monoglobus in phylum Firmicutes as well as genera Eggerthella and Eubacterium hallii group were specifically enriched in CR patients. In addition, two taxonomic chains, p-Synergistota.c-Synergistia.o-Synergistales.f-Synergistaceae.g-Pyramidobacter and c-Firmicutes_Incertae_Sedis.o-Firmicutes_Incertae_Sedis_DTU014.f-Firmicutes Incertae Sedis DTU014.g-Firmicutes Incertae Sedis DTU014 were significantly enriched in VGPR patients, as well as genera Eisenbergiella, Negativibacillus of phylum Firmicutes. In phylum Firmicutes, we also found genera Dorea and Epulopiscium were abundant in PR patients.

Patients were further divided into two groups based on whether they had CR or VGPR. Interestingly, consistent with the findings above in CR patients, a higher abundance of bacterial taxon clade, o-Monoglobales.f-Monoglobaceae.g-Monoglobus, and genera Eggerthella and Eubacterium hallii group were still enriched in 13 CR patients compared with 10 non-CR patients (Figure 9A). Genus Eggerthella was also enriched in 17 patients with VGPR or better compared with 6 patients less than VGPR (Supplementary Figure 3C; Supplementary Table 14).




Figure 9 | Association between baseline gut microbiota and hematological and organ response in AL amyloidosis. Histogram of LDA scores calculated for selected taxa showed significant differences in microbe type and abundance between (A) HCR and NHCR. (B) CR and NCR. (C) RR and NRR (Supplementary Table 14). LDA scores on a log10 scale are indicated at the bottom. The significance of the microbial marker increases with the LDA score. The default criteria was LDA > 2.5 and p < 0.05. All the subgroups were matched between age, gender, and BMI (Supplementary Table 13). AMY, patients with AL amyloidosis; LDA, linear discriminant analysis; HCR, hematological complete response; NHCR, no hematological complete response; CR, cardiac response; NCR, Non-cardiac response; RR, renal response; NRR, Non-renal response.



By random forest, 5 microbial markers were identified for the prediction of hematological complete response (Supplementary Figure 4A, B), including ASV97 (Roseburia), ASV183 (Lachnospiraceae unclassified), ASV352 (Monoglobus), ASV421 (Lachnospira), and ASV457 (Clostridium innocuum group). The AUC for the training set reached 0.9615(95% CI 0.8952-1, p = 0.0002, Supplementary Figure 5A).



3.8.5 Association between baseline gut microbiota and cardiac and renal response in AL amyloidosis

In terms of organ response, a total of 13 and 18 patients could be evaluated for cardiac response and renal response, respectively. Patients in the cardiac response group (5 patients) had a higher abundance of one taxonomic chain, o-Pasteurellales.f-Pasteurellaceae.g-Haemophilus in phylum Proteobacteria, compared with patients with the cardiac response (8 patients). While three genera Hungatella, Lachnospira, and Roseburia of phylum Firmicutes were found enriched in the non-cardiac response group (Figure 9B, all p < 0.05, Supplementary Table 14). By random forest, 6 microbial markers were identified for the prediction of cardiac response (Supplementary Figures 4C, D), including ASV147 (Roseburia), ASV412 (Escherichia-Shigella), ASV655 (Bacteroides), ASV752 (Enterobacteriaceae unclassified), ASV777 (Odoribacter), and ASV782 (Roseburia). The AUC for the training set reached 0.875(95% CI 0.6197-1, p = 0.0295, Supplementary Figure 5B).

Compared with patients without renal response, genera Eisenbergiella and Lachnospiraceae uncultured of phylum Firmicutes had a higher abundance in patients with renal response. While genus Lachnospira of phylum Firmicutes was found abundant in patients without renal response (Figure 9C, all p < 0.05, Supplementary Table 14). By random forest, 2 microbial markers were identified for the prediction of renal response (Supplementary Figures 4E, F), including ASV71 (Lachnospira) and ASV504 (Faecalibacterium). The AUC for the training set reached 0.9351(95% CI 0.8036-1, p = 0.0012, Supplementary Figure 5C).



3.8.6 Association between baseline gut microbiota and the prognosis of patients with AL amyloidosis

During the follow-up time, four patients died, who had a lower abundance of one bacterial taxon chain, p-Desulfobacterota.c-Desulfovibrionia.o-Desulfovibrionales.f-Desulfovibrionaceae (Figure 10A). Patients without progression-free survival had a higher abundance of genus Roseburia and Moryella in phylum Firmicutes, but a decreased abundance of genus Anaerostipes and Eisenbergiella of phylum Firmicutes and phylum Actinobacteriota (Figure 10B, Supplementary Table 14). By random forest, 2 microbial markers were identified for the prediction of progression-free survival (Supplementary Figures 4G, H), including ASV584 (Anaerostipes) and ASV823 (Eisenbergiella). The AUC for the training set reached 0.9412(95% CI 0.8259-1, p < 0.0001, Supplementary Figure 5D).




Figure 10 | Association between baseline gut microbiota and prognosis in AL amyloidosis. Histogram of LDA scores calculated for selected taxa showed significant differences in microbe type and abundance between (A) die and live group; (B) PFS and NPFS group (Supplementary Table 14). LDA scores on a log10 scale are indicated at the bottom. The significance of the microbial marker increases with the LDA score. The default criteria was LDA > 2.5 and p < 0.05. All the subgroups were matched between age, gender, and BMI (Supplementary Table 13). AMY, patients with AL amyloidosis; LDA, linear discriminant analysis; PFS, progression-free survival; NPFS, patients without progression-free survival.







4 Discussion

In this study, we used 16S rRNA sequencing to analyze the gut microbiota of newly diagnosed patients with AL amyloidosis. Although no significant differences in community richness and diversity were observed between AL amyloidosis and HCs, significant differences were found in bacterial composition between the two groups. Notably, this study was also the first to successfully establish and validate a diagnosis model based on microbial ASV markers for AL amyloidosis. Further subgroup analysis revealed the association between baseline gut microbiota and disease severity, treatment response, and prognosis of patients with AL amyloidosis.

Emerging evidence revealed that different diseases have relatively distinct microbial profiles and gut microbial alteration is unique for each disease, such as MM (8), Alzheimer’s disease (34), and FMF-related AA amyloidosis (13). In this study, we found treatment naïve AL amyloidosis patients may possess a specific profile of gut microbiota characterized by composition changes at different levels and several enriched taxonomic chains. Notably, phylum Actinobacteriota as a whole, as well as several families and genera classified within Actinobacteriota were found increased in patients with AL amyloidosis. Specifically, the enrichment of genera Bifidobacterium, Collinsella and Eggerthella resulted in a subsequent higher abundance of phylum Actinobacteriota. Recently, mounting evidence showed Bifidobacterium can modulate immune system by increasing immunoglobulins, and inducing or reducing pro- or anti-inflammatory cytokines, respectively (35–37). And it is widely assumed that immunoglobulin light chains are precursors for amyloid deposits in AL amyloidosis. Accordingly, we speculated that a higher abundance of genus Bifidobacterium might have a promoting effect on the induction of immunoglobulin production, further facilitating the development of AL amyloidosis.

The increase of phylum Verrucomicrobia is most likely attributed to the increase of genus Akkermansia in AL amyloidosis. In general, Akkermansia muciniphila has been found to be significantly linked to a variety of physiological processes, including glucose and lipid metabolism, as well as immune response (38). A study claimed that the relative abundance of Akkermansia muciniphila in mice with colitis was positively correlated with injured histology and colonic inflammation (39) while Kang et al. found extracellular vesicles from Akkermansia muciniphila were significantly protective in DSS-treated mice (40). The increase of genus Akkermansia in AL amyloidosis was probably one of the mechanisms of self-protection against gut dysfunctions. The relationship between genus Akkermansia and the pathogenesis of AL amyloidosis is still unknown and worth further investigation and confirmation.

In addition to the above two increased phyla, we also found a decrease of phylum Bacteroidota in AL amyloidosis. Bacteroidota is the largest phylum of Gram-negative bacteria inhabiting our gastrointestinal tract and is regarded as the key player in the healthy state and sophisticated homeostasis of gut microbiota (41). Besides, to our knowledge, specific roles have been attributed to some genera of phylum Bacteroidota in the development of human diseases such as obesity, diabetes mellitus, rheumatoid arthritis, atherosclerosis, and neurodegenerative diseases (42–46). Further studies are needed to understand the potential relationship between the decrease of phylum Bacteroidota and the development of AL amyloidosis.

Interestingly, consistent with the previous study in MM (8), the nitrogen-cycle-bacteria such as the genus Streptococcus of phylum Firmicutes, was also markedly higher in AL amyloidosis. During the development of MM, increased urea or NH4+ and descending renal function led to the preferred growth of nitrogen-cycle-bacteria. Subsequently, urea is hydrolyzed effectively and utilized to synthesize L-glutamine, which is transferred to the host, hence hastening the progression of MM (8). In our study, ASV605 (Streptococcus) was found to be negatively correlated with SBP and positively correlated with the other three ASVs (ASV244, ASV496, and ASV638). We further identified ASV605 (Streptococcus) as the most important ASVs of five microbial markers for the diagnosis of AL amyloidosis. Thus, the genus Streptococcus may also contribute to the development of AL amyloidosis. Additionally, it is widely known that clonal plasma cells are both presented in AL amyloidosis and MM, and connected these two diseases. Therefore, the impact of gut microbiota on the proliferation of clonal plasma cells may be the focus of future researches. More importantly, the successful validation of their diagnostic efficacy in our cohort further made us believe that gut microbiota-based biomarkers might be valuable non-invasive methods for the diagnosis of AL amyloidosis. Further metagenomic sequencing of targeted species may strengthen the diagnostic efficiency of AL amyloidosis.

Furthermore, we observed significantly different functional abundance of KEGG pathways in patients with AL amyloidosis compared to HCs, which revealed that alterations in the abundance of certain gut microbial species may play a crucial role in regulating metabolic functions and inflammatory response. However, as the first research on gut microbiota in AL amyloidosis, other relevant researches are vacant and their related pathogenesis in this disease is still unclear. Additionally, spearman’s analysis revealed the potential correlations between gut microbiota and clinical features. All the above findings need further validation and have laid the foundation for more research on the role of gut microbiota in the development of AL amyloidosis.

With the median follow-up of 19.0 months, some gut microbiota at baseline had been found to be associated with disease severity, treatment response, and prognosis of AL amyloidosis patients. Although ASV-based microbial markers were also identified as potential tools to predict the outcome of AL amyloidosis, further investigation and validation are needed due to the small number of subgroups.

Despite the valuable findings, our study still had certain shortcomings. First, due to the rarity of AL amyloidosis and the strict inclusion criteria, we recruited a relatively small sample size, which resulted in limited number of patients in further subgroup analysis. In order to fully investigate the impact of gut microbiota and further confirm our results, a larger cohort of patients with varying stages of illness is needed. Second, some confounding factors such as dietary habits, should also be taken into account. Due to the average age being too large in these two groups, it is hard to find absolutely healthy people and the mean BMI of the healthy group was slightly high. Moreover, participants in our study were all from China, and a more comprehensive study should be conducted and validated on a larger random sample of individuals from different regions. Third, we only evaluated fecal microbiota, which didn’t adequately represent the whole profiles of mucosal microbiota.

In conclusion, for the first time, we highlighted the difference in gut microbiota between AL amyloidosis and HCs based on ASVs. The increase of Actinobacteriota and Verrucomicrobiota and decrease of Bacteroidota may contribute to the development of AL amyloidosis. Moreover, our study is the first to successfully establish and validate the ASV-based microbial diagnostic model of AL amyloidosis in China. Interestingly, some gut microbiotas at baseline are associated with disease severity, treatment response, and prognosis of AL amyloidosis patients, which needed further investigation and validation. As the first report of the gut microbiota in AL amyloidosis, it injected its own strength into the ocean and opened new avenues for more studies about microbe-based strategies of diagnosis and treatment in patients with AL amyloidosis in the future.
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Gut microbiota plays an important role in the proper functioning of human organisms, while its dysbiosis is associated with disease in various body organs. Diabetes mellitus (DM) is a set of heterogeneous metabolic diseases characterized by hyperglycemia caused by direct or indirect insulin deficiency. There is growing evidence that gut microbiota dysbiosis is closely linked to the development of DM. Gut microbiota composition changes in type 1 diabetes mullites (T1DM) and type 2 diabetes mullites (T2DM) patients, which may cause gut leakiness and uncontrolled entry of antigens into the circulation system, triggering an immune response that damages the isle β cells or metabolic disorders. This review summarizes gut microbiota composition in healthy individuals and compares it to diabetes mullites patients. The possible pathogenesis by which gut microbiota dysbiosis causes DM, particularly gut leakiness and changes in gut microbiota metabolites is also discussed. It also presents the process of microbial-based therapies of DM.
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Introduction

The gut microbiota plays an essential role in the proper functioning of human organisms (Vrancken et al., 2019). It co-evolves and symbioses with humans by combating pathogenic bacteria, assisting nutrient digestion, maintaining the integrity of the intestinal epithelia, and promoting immunological development (Stecher and Hardt, 2011; Dave et al., 2012; Natividad et al., 2012; Shreiner et al., 2015). However, when the balance of the microbiota community is affected, known as gut microbiota dysbiosis, it may lead to various diseases, as summarized in Figure 1 (Hou et al., 2022a). Diabetes mullites (DM) is a set of heterogeneous metabolic disorders characterized by hyperglycemia and glucose intolerance, with high and increasing prevalence and multiple complications (Danaei et al., 2011; Saeedi et al., 2019; Classification and Diagnosis of Diabetes, 2022). The classical opinion is that type 1 diabetes mullites (T1DM) results from autoreactive T-cell-mediated partially or absolute destruction of pancreatic β cells in patients (Atkinson et al., 2014). In contrast, type 2 diabetes mullites (T2DM) is the outcome of a progressive loss of sufficient pancreatic β-cell insulin secretion in the context of insulin resistance (IR) (Kahn et al., 2014). According to International Diabetes Federation, there were more than 463 million DM patients in 2019 over the world and this number is estimated to rise to 578 million by 2030 and even 700 million by 2045 (Saeedi et al., 2019).
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FIGURE 1
 Diseases caused by gut microbiota dysbiosis.


In the past decade, studies on the gut microbiome have developed rapidly due to the advancements in sequencing technologies and data analysis. It has been observed that gut microbiota dysbiosis is presented in both T1DM and T2DM patients (Bibbò et al., 2017; Vallianou et al., 2018). Gut microbiota dysbiosis may cause gut leakiness, which leads to external antigens uncontrollably entering the circulatory system (Di Tommaso et al., 2021). These antigens could activate islet autoimmunity and directly damage pancreatic β cells, and gut microbiota metabolites may also cause hormonal effects leading to metabolic disorders (Sun et al., 2015; Zhu and Goodarzi, 2020). Immune and metabolic disorders play an important role in the pathogenesis of DM (Bachem et al., 2019; Hou et al., 2022a). In addition, many diabetic complications are proven to be linked to the gut microbiota, including diabetic retinopathy, diabetes-induced cognitive impairment, diabetic peripheral neuropathy, and diabetic nephropathy (Zhou et al., 2022). Although the role of gut microbiota in the pathogenesis of DM is not yet understood, more and more researchers are pinning new hopes for treating DM in microbiological therapy.

Diabetes mellitus and its complications cause physical and mental injury to patients and a great economic burden to the medical system. However, there is no single treatment that can sustainably and consistently prevent the progression of β-cell failure after the onset of DM. Elucidating the role of gut microbiota in the onset and progression of DM will contribute to a better understanding of DM and the development of new treatments for it. This review summarizes the gut microbiota composition in healthy individuals and compares it with T1DM and T2DM patients. Furthermore, we review the role of gut microbiota dysbiosis in the pathogenesis of DM, particularly gut leakiness, immune disorders, and metabolite disorders. This paper will also present the process of microbial-based therapies of DM in the final.



Gut microbiota in healthy, T1DM, and T2DM individuals

Gut microbiota has 10 times the number of human cells and 150 times larger gene sets than humans, known as the “human second Genene” (Qin et al., 2010). In healthy individuals, the gut microbiota exhibits high taxonomic diversity, abundant microbial genes, and stable core microbiota (Fan and Pedersen, 2021). Herein, we reviewed the composition of gut microbes in healthy individuals at phylum and genus levels.

At the phyla level, approximately 80–90% of the gut microbiota belongs to Firmicutes and Bacteroidetes. Firmicutes dominate the gut microbiota composition of healthy individuals, while Bacteroidetes can favor inflammation by distributing the gut epithelial cells’ barrier function (Tlaskalová-Hogenová et al., 2011). Therefore, Firmicutes to Bacteroidetes ratio (F/B ratio) is suggested to be a criterion of the health of gut microbiomes (Li and Ma, 2020). In addition, in the human gut, Actinobacteria, Verrucomicrobia and Proteobacteria are the major microbial phyla (Sommer and Bäckhed, 2013; Jandhyala et al., 2015; Landman and Quévrain, 2016). Actinobacteria, represented by the Bifidobacterium genus, contribute to producing butyrate and inhibiting bacterial translocation (Arboleya et al., 2016). Maintaining diversity in the gut microbiota is essential to keeping healthy, and its dysbiosis is linked to the development of metabolic diseases, including DM (Vallianou et al., 2018). At the genus level, Bifidobacterium, Akkermansia, Lachnospira, Prevotela and the butyrate-producing genera, including Roseburia, Faecalibacterium, Anaerostipes, Subdoligranulum, and Eubacterium, are abundant gut microbiota in healthy individuals (Mokhtari et al., 2021).

Notably, the human gut microbiota composition is not immutable but varies due to individual differences, age, and environmental factors. Akkermansia muciniphila, Veillonella, Bacteroides, Clostridium botulinum spp. and Clostridium coccoides spp. dominate the diversity of children’s microbiota until a stable gut microbiota is formed (Amabebe et al., 2020). The gut microbiota alters rapidly in the first 2 years of life, matures around age three, and remains relatively stable (Isolauri, 2012; Yatsunenko et al., 2012; Durazzo et al., 2019). At maturity, Firmicutes, Bacteroidetes, and Actinobacteria become the dominant gut microbiota in healthy individuals (Yatsunenko et al., 2012). Bifidobacterium tends to decrease in older adults, while Clostridium and Proteobacteria tend to increase (Guigoz et al., 2008).


Gut microbiota dysbiosis in T1DM

Previous studies have identified differences in the gut microbiota between healthy individuals and T1DM patients (Bibbò et al., 2017). The stability, connectivity, abundance, and composition of the gut microbiota are probably linked to the development of T1DM (Han et al., 2018). Decreased microbiota diversity is a common gut microbiota shift associated with T1DM development (Leiva-Gea et al., 2018).

At the phyla level, it was well documented that proportions of Firmicutes phyla decreased in T1DM patients compared to the healthy individual group (Murri et al., 2013; Kostic et al., 2015; Leiva-Gea et al., 2018), while Bacteroidetes abundance increased successively (Alkanani et al., 2015; Pellegrini et al., 2017). Furthermore, previous research indicated that the F/B ratio significantly increased over time in children who eventually progressed to clinical T1DM and T1DM (Murri et al., 2013; Pellegrini et al., 2017; Leiva-Gea et al., 2018). However, research also showed no difference in the F/B ratio between T1DM patients and healthy individuals (Qi et al., 2016). Studies assessing the relationship between Proteobacteria abundance and T1DM have reported conflicting results, with some reporting a positive association (Brown et al., 2011; Cinek et al., 2018), some reporting a negative association (Leiva-Gea et al., 2018), and some reporting no difference (Murri et al., 2013).

At the genus level, T1DM patients present with a higher abundance of 12 different genera, including Bifidobacterium, Bacteroides, Escherichia, Veillonella, Clostridium, Enterobacter, Lactobacillus, Ruminococcus, Streptococcus, Sutterella, Lactococcus, and Blautia, among which Bacteroides is reported to be the dominant genus in the most research literature (Mokhtari et al., 2021). A more recent two-sample Mendelian randomization analysis revealed a close link between a higher relative abundance of the Bifidobacterium and a higher risk of T1DM (Xu et al., 2021).



Gut microbiota dysbiosis in T2DM

Environmental factors play an essential role in the onset and development of T2DM and recent evidence indicates that gut microbiota dysbiosis is one of them (Gurung et al., 2020; Hou et al., 2022b). Like T1DM, the gut microbiota in T2DM differs from those in healthy individuals (Vallianou et al., 2018; Que et al., 2021). The Integrative Human Microbiome Project found that insulin-resistant (IR) individuals had distinguishable molecular and microbial patterns at baseline from the healthy controls group (The Integrative Human Microbiome Project, 2019).

At the phyla level, Firmicutes level was reported to be lower in T2DM patients than in healthy individuals, while Bacteroidetes level was increased (Larsen et al., 2010). However, some recent research reported the opposite result; Firmicutes increased but Bacteroidetes decreased in T2DM patients (Sedighi et al., 2017; Zhao et al., 2019). Uniformly, the F/B ratio was reported to increase in some studies, but decreased in some studies (Sedighi et al., 2017; Zhao et al., 2019). In addition, the recent research also indicated an increased level of Proteobacteria in T2DM individuals (Sedighi et al., 2017; Zhao et al., 2019).

At the genus level, a large-scale metagenomic analysis in China compared the structural characteristics of the gut microbiota in healthy control and T2DM patients (Qin et al., 2012). It was recognized that conditioned pathogens (Escherichia coli, Bacteroides caccae, some Clostridium species, and Eggerthella lenta mainly) were abundant in T2DM patients. On the contrary, the abundance of butyrate-producing gut microbiota (Roseburia intestinalis, Roseburia inulinivorans, Eubacterium rectale, Faecalibacterium prausnitzii and Clostridiales sp. SS3/4) was decreased. Another large-scale metagenome analysis in Europe demonstrated an increase in the abundance of Lactobacillus gasseri, Streptococcus mutans, some Clostridiales species, and Lactobacillus in T2DM patients, while a reduction in the abundance of butyrate-producing microbiota (Roseburia, Eubacterium eligens, Bacteroides intestinalis) (Karlsson et al., 2013). Notably, the above two studies both reported a decrease in butyrate-producing microbiota in T2DM patients, particularly Roseburia (Qin et al., 2012; Karlsson et al., 2013). In addition, recent research confirmed the decrease of the Clostridium genus in T2DM patients (Allin et al., 2018). Similarly, a lower level of Akkermansia mucinphila, which is responsible for degenerating mucin in the gut, was also considered a risk factor for T2DM (Allin et al., 2018; Hasani et al., 2021).




Role of the gut microbiota in the development of DM

From the above discussion, we can conclude that DM patients’ gut microbiota is characterized by an increased level of opportunistic pathogens and decreased level of probiotics. Furthermore, Firmicutes are negatively associated with T1DM, while Bacteroidetes is a positive factor at the phyla level. However, conflicting results have been reported on the difference between healthy individuals and T2DM patients. At the genus level, Bacteroides showed a promotive association with both T1DM and T2DM. In addition, both T1DM and T2DM patients presented a lower level of butyrate-producing microbiota. Figure 2 depicts the role of gut microbiota dysbiosis in the development of DM.
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FIGURE 2
 The role of gut microbiota dysbiosis in the development of diabetes mullites.



Gut leakiness: A possible origin of DM

An epithelial layer-based physical barrier and a mucosal immune cell-based functional barrier make up the majority of the intestinal barrier and separate the host from the external environment (Mu et al., 2017). Tight junctions (TJ) and mucins are key to maintaining the integrity of the intestinal barrier (Durazzo et al., 2019). Butyrate-producing gut microbiota, such as Firmicutes, has been shown to promote TJ assembly, mucin synthesis, and anti-inflammatory properties (Hague et al., 1996; Peng et al., 2007, 2009). On the contrary, Bacteroides can inhibit the production of TJ protein and thus promote gut leakiness (Brown et al., 2011; Tlaskalová-Hogenová et al., 2011). Besides, Bifidobacterium, Bacteroides, and Ruminococcus can degrade mucin and thus induce gut leakiness (Hooper et al., 2002). Some bacterial metabolites, such as butyrate, have also been identified to play an important role in maintaining intestinal epithelial integrity (Wang et al., 2012; Kayama et al., 2020). Correspondingly, a low abundance of the butyrate-producing gut microbiota and increased abundance of the Bacteroides are presented in DM patients. Of note, hyperglycemia can induce gut leakiness by changing the TJ and adherence junctions (Thaiss et al., 2018). Immune and metabolic disorders caused by uncontrolled exogenous substances entering the circulatory system as a result of gut leakiness may be the origin of DM.



Immune disorder: The key to developing T1DM caused by gut microbiota dysbiosis and gut leakiness

Gut microbiota significantly influences the development of the immune system. Human and animal studies support a causal relationship between early microbial exposure and immune function development (Zhou et al., 2021). Defective immune response maturation is associated with T1DM progression later in life (Zhou et al., 2021). Moreover, the hygiene hypothesis posits that environmental improvements and antibiotic use lead to a reduction in microbiota diversity, possibly associated with a significant increase in allergic diseases and certain autoimmune diseases (Bach, 2018). Notably, the host’s genetic set-up of can also interact with the gut microbiota, leading to alterations in microbial composition, immune system activation, and T1DM susceptibility (Alkanani et al., 2015; Bonder et al., 2016).

It is suggested that gut leakiness possibly leads to uncontrol entry of external antigens (Di Tommaso et al., 2021), which could activate islet autoimmunity and directly damage pancreatic β cells (Sun et al., 2015; Bachem et al., 2019). Lipopolysaccharides (LPS) are a possible molecular link between the gut microbiota, inflammation, and T1DM (Bachem et al., 2019), an integral part of the outer membrane of Gram-negative bacterial species. The leakage of fatty acids and LPS can activate the toll-like receptor 4 (TLR4) (Velloso et al., 2015). Activation of TLR contributes to the maturation of dendritic cells and the recognition of pathogen-associated molecular patterns (Li et al., 2013). TLR4 is a member of patten-recognition receptors, and its activation helps activate pro-inflammatory signaling pathways, expressing and secreting cytokine while bacterial pathogens present (Shi et al., 2006; Cani et al., 2007). A case–control study proved that T1DM patients have higher circulating LPS levels than healthy individuals (Devaraj et al., 2009). In addition, these antigens may be absorbed by antigen-presenting cells (APCs) in the gut mucosa, which then activates the islet-reactive T cells that would be subsequently transported to pancreatic lymph nodes and islets to induce the damage of β cells in genetically predisposed individuals (Sorini et al., 2019). Some antigens may significantly be homologous to islet autoantigen, known as molecular mimicry, so they can directly induce the activation of pathogenic CD8+ T cells to promote DM development (Tai et al., 2016).



Metabolites disorder: The key to developing T2DM induced by gut microbiota dysbiosis and gut leakiness

Like T1DM, gut microbiota dysbiosis in T2DM can increase serum LPS concentration to injure the intestinal barrier and change in mucosal immune response (Allcock et al., 2001). LPS and other antigens can activate TLR4 on immune cells and induce pro-inflammatory response and IR (Medzhitov, 2001; Medzhitov and Horng, 2009; Janssen and Kersten, 2017). Besides, gut leakiness leads to macrophage infiltration, which causes local inflammation by producing and activating serum IL-6, TNF-α, and other inflammatory cytokines (Ghosh et al., 2020). Gut leakiness may also introduce the gut microbiota and its metabolite into the blood systemic circulation and promote local and systemic immune responses (Sudo et al., 2002; Sumida et al., 2022). However, T2DM is traditionally characterized as a metabolic disease, so the role of gut microbiota metabolite is more remarkable in the development of T2DM. Gut microbiota produces bioactive metabolites, including short-chain fatty acids (SCFAs), ammonia, phenols, endotoxins, etc., through dietary macronutrients (Schroeder and Bäckhed, 2016). SCFAs, bile acids, indole derivatives, sulfur-containing amino acids, and vitamins are gut microbiota metabolisms that prevent DM, whereas Branched-chain amino acids (BCAAs), phenol, p-cresol, methane, amines and ammonia are gut microbiota metabolic that promote DM progression (Khan et al., 2014). Herein, we review the effect of several important metabolites in T2DM.

The short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, are products of the metabolism of soluble fiber and amino acids by gut microbiota. Widely reported studies have demonstrated that SCFAs contribute to improved glucose homeostasis and metabolism in tissues such as the liver, adipose, and muscle (Canfora et al., 2015). Acetate can induce the browning of adipose tissue, and propionate stimulates the release of peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) to reduce energy intake, whereas butyrate can reduce inflammation and reverse the decline in GLP-1 receptor expression in the liver (Sahuri-Arisoylu et al., 2005; Chambers et al., 2015; Jin et al., 2015; Zhou et al., 2017, 2018). In addition, two receptors for SCFAs, free fatty acid receptor 3 (GPR41) and free fatty acid receptor 2 (GPR43), have been identified to be directly implicated in T2DM development, which are expressed in enteroendocrine cells, intestinal epithelial cells, pancreatic islet cells, and other cells (Stoddart and Smith, 2008; Priyadarshini et al., 2018). Activation of GPR41 was reported to stimulate leptin secretion to regulate energy expenditure and long-term food intake (Xiong et al., 2004) and peptide YY (PYY) to increase satiety (Larraufie et al., 2018). In addition, activating the GPR41 in the sympathetic nervous system can stimulate energy expenditure and reduce the risk of T2DM (Kimura et al., 2011). GLP-1 will be increasingly released when GPR43 is activated, which enhances insulin secretion, suppresses glucagon production, and increases satiety (Tolhurst et al., 2012). Of note, GLP-1 might also improve endothelial cell function by changing the composition of gut microbiota (Chen et al., 2022). The GPR43 transgenic mouse showed improved metabolic parameters, such as reduced obesity, improved homeostasis, improved lean meat quality, and higher GLP-1 secretion (Bjursell et al., 2011; Tolhurst et al., 2012; Kimura et al., 2013). Moreover, it has been demonstrated that SCFAs can decrease inflammation in mucosal and chronic systemic, possibly because of their ability to inhibit pro-inflammatory cytokines like interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) (Roelofsen et al., 2010), induct anti-inflammatory cytokines (Säemann et al., 2000) and decrease the infiltration of inflammatory cells into adipose tissue (Meijer et al., 2010).

Primary bile acids are generated by the liver from cholesterol and released into the intestine by the gallbladder. The majority of these bile acids are reabsorbed in the intestinal tract, while a small amount reaches the lower intestine tract and is converted by the gut microbiota into secondary bile acid. Glucose homeostasis and intestinal fat absorption are both impacted by primary and secondary bile acids, which may significantly impact the pathophysiology of T2DM (Ahmad and Haeusler, 2019). Bile acids can lessen the amount of gluconeogenesis in the liver, enhance the production of glycogen, boost energy expenditure, stimulate the release of insulin, and reduce inflammation (Shapiro et al., 2018). These bile acids attach to and trigger nuclear hormone receptors like G-protein-coupled bile acid receptor-1 (TGR5) and nuclear hormone receptors, including the Pregnane X receptor (PXR) and Farnesoid X receptor (FXR). TGR5 is presented in digestive, immune, and adipose tissues. Intestinal TGR5 activation promotes insulin secretion and satiety by inducing the release of GLP-1 and PYY (Katsuma et al., 2005; Thomas et al., 2009; Kuhre et al., 2018). On the contrary, the knockout of TRG5 in myeloid-lineage cells and macrophages promoted IR and inflammation in adipose tissue (Perino et al., 2014). Moreover, the action of thyroid hormones may be promoted by bile acid-driven activation of TGR5 in adipose tissue, leading to an increase in energy expenditure (Watanabe et al., 2006). FXP is widely expressed in the liver, gut, kidney, and other tissues. The application of a synthetic FXR agonist was shown to significantly reduce plasma glucose, free fatty acids, triglycerides, cholesterol, and hepatic steatosis in DM mice (Zhang et al., 2006; Fang et al., 2015). Activation of PXR contributed to reducing bile acid production and increasing bile acid clearance to promote the absorption of lipid and fat-soluble vitamins (Staudinger et al., 2001). In addition, bile acids can stimulate GLP-1 secretion to regulate glucose metabolism and improve insulin sensitivity (Pathak et al., 2018; Shapiro et al., 2018).

Branched-chain amino acids (BCAAs) are essential amino acids produced by gut microbiota, including isoleucine, leucine, and valine. A case-cohort study supported that higher baseline BCAAs and their increase over 1 year were associated with a risk of T2DM (Ruiz-Canela et al., 2018). The obese mice model restored metabolic health while feeding them a reduced BCAAs diet, including improved insulin sensitivity and glucose tolerance, despite continuing to consume a high-sugar and high-fat diet (Cummings et al., 2018). However, a mendelian randomization analysis study suggested that the genetic risk score (GRS) for circulating BCAAs level was not linked to the homeostasis model assessment of insulin resistance (HOMA-IR), while the GRS for IR traits was significantly linked to increased circulating BCAAs level (Mahendran et al., 2017). This result indicates that it is not the increase of BCAAs that leads to IR, but IR that leads to the increase of BCAAs. The altered BCAAs levels are possibly due to reduced suppression of proteolysis caused by IR and reductions in BCAA catabolism in peripheral tissues caused by adiponectin signaling in T2DM (Lian et al., 2015; Giesbertz and Daniel, 2016).

In addition to the metabolites mentioned above, Trimethylamine (TMA), Indole derivatives, Imidazole propionate, etc., are associated with T2DM. TMA will be oxidized in the liver into Trimethylamine oxide (TMAO), and a case–control study reported that TMAO is positively associated with newly diagnosed T2DM (Shan et al., 2017). Indolepropionic acid is the product of the microbial metabolism of tryptophan, which is negatively linked to the risk of developing IR, low-grade inflammation, and T2DM (de Mello et al., 2017). Imidazole propionate is a microbial metabolite from histidine, which was demonstrated to be higher in T2DM patients compared with healthy individuals (Koh et al., 2018).




Progress in microbial-based therapies in DM

With the growing understanding of the role of gut microbiota in DM, more and more researchers are trying to use microbial-based therapies to treat DM. These therapies directly or indirectly alter the composition of gut microbiota to function. Herein, we review the progress in microbial-based therapies to treat DM.


Probiotics and prebiotics

Probiotics are referred to living microorganisms that are beneficial to the host’s health when administered in adequate amounts (Hill et al., 2014). Research on probiotics has pointed out their ability to enhance gut barrier function, regulate immunity, and competitively adhere to mucus and epithelial cells to benefit DM (Lomax and Calder, 2009; Ohland and Macnaughton, 2010). In animal models, oral administration of the probiotics increased the anti-inflammatory cytokines, such as TGF-β and IL-10 (Calcinaro et al., 2005; Sturm et al., 2005), decreased the pro-inflammatory cytokines like TNF-α, IL-6, and IL-1β (Mariño et al., 2017), and regulated the immune balance between Th1/Th2/ Th17/Treg cells (Lau et al., 2011; Jia et al., 2017). In addition, bone mineral density was positively correlated with the number of lactic acid bacteria and Bifidobacterium in DM patients (Hou et al., 2017).

Human and animal trials have demonstrated the potential of probiotics in preventing and treating DM (Que et al., 2021). It has been reported that the onset of DM in non-obese diabetics (NOD) was reduced by the early supplement of complex-probiotic-preparation VSL#3 (Calcinaro et al., 2005). Another research identified that early supplemental probiotic use reduced the risk of islet autoimmunity in HLA genotype T1DM high-risk children (Uusitalo et al., 2016), while another demonstrated a negative result (Savilahti et al., 2018). Early oral probiotic medication Clostridium butyricum was also observed to prevent NOD mice from developing DM (Jia et al., 2017). Combination of galactooligosaccharides, Bifidobacterium breve strain Yakult, and Lacticaseibacillus paracasei strain Shirota improved the amounts of total lactobacilli and Bifidobacterium, the proportions of Bifidobacterium, and the concentrations of acetate and butyrate in excrement in T2DM patients (Kanazawa et al., 2021).

Colonizing the host gut is an important process by which probiotics function. However, according to a systematic review, probiotics had no impact on the fecal microbiome composition in six of the seven studies that have been examined (Kristensen et al., 2016). Therefore, using prebiotics to promote the propagation of probiotics is another idea to regulate gut microbiota composition. Prebiotics are non-digestible dietary components that promote the host’s health by regulating the gut microbiota composition, especially by augmenting the abundance of Bifidobacteria and/or Lactobacillus (Jakaitis and Denning, 2014). Prebiotics improved glycemic control and decreased intestinal permeability in T1DM patients in a randomized placebo-controlled study, which enhanced insulin sensitivity (Ho et al., 2019). Human milk oligosaccharides (HMOs), the most common prebiotics that comprises multiple prebiotic oligosaccharides, are one of the most prevalent constituents of human milk (Knip and Honkanen, 2017). HMOs are believed to protect against autoimmune DM, possibly through selectively stimulating the growth of Bifidobacteria (Brown et al., 2011; de Goffau et al., 2013). In addition, HMOs also have microbially independent immunomodulatory properties, such as the induction of Treg cells (Lehmann et al., 2015) and the ability to maintain intestinal integrity (Aakko et al., 2017). Other prebiotics such as long-chain inulin-type fructosan and β-glucan-rich products have also been demonstrated to directly inhibit the progression of insulitis in NOD mice and reduce the incidence of DM (Chen et al., 2017; Gudi et al., 2019).



Fecal microbiota transplantation

FMT refers to the transfer of healthy microbiomes to dysregulated receptors in the gut microbiota to restore the normal bacterial community (Vindigni and Surawicz, 2017). Notably, these healthy microbiomes can be not only allogeneic (allo-FMT) but also autologous (auto-FMT). Auto-FMT is often implemented by collecting someone’s microbiota when they are healthy and transplanting it back when their gut microbiota is out of whack. Participants with abdominal obesity or dyslipidemia can maintain losing weight and controlling blood glucose after accepting auto-FMT whose gut microbiota was collected during the weight-loss intervention phase (Rinott et al., 2021). Another recent randomized controlled trial discovered that auto-FMT prevented the decline in endogenous insulin secretion for 12 months after onset in patients with a recent diagnosis of T1DM, suggesting FMT can possibly prevent the ongoing β cells damage in T1DM patients (de Groot et al., 2021). Compared to auto-FMT, allo-FMT transplants healthy donors’ gut microbiota to receivers, which has been an important therapy in treating chronic diarrhea caused by Clostridium difficile infections (van Nood et al., 2013; Saha et al., 2021). Early-life FMT from MyD88-deficient mice has been shown to significantly delay the onset of T1DM in NOD mice (Peng et al., 2014). In addition, the development of T1DM was also significantly delayed by the non-selective transplantation of human gut microbiota into GF NOD mice (Neuman et al., 2019). On the contrary, the incidence of T1DM significantly increased when mice received antibiotics (Livanos et al., 2016). Of note, in newly diagnosed T1DM patients, auto-FMT delivered through duodenal tubes is more effective than allo-FMT in protecting β-cell function (de Groot et al., 2021).

In recent years, the use of FMT in the treatment of T2DM has also made great progress. A study with T2DM mice discovered that FMT can reduce hyperglycemia, improve IR, inhibit the level of chronic inflammation in pancreatic, and reduce β-cell apoptosis (Wang et al., 2019). Similarly, it has been demonstrated that the insulin sensitivity of patients with metabolic syndrome increased after receiving the transfer of gut microbiota from lean donors (Vrieze et al., 2012; Kootte et al., 2017). In addition, a randomized clinical trial indicated that butyrate-producing microbiota increased while transferring the microbiota from healthy lean donors to T2DM patients (Ng et al., 2022). Moreover, recent research began to try to combine FMT with dietary or lifestyle intervention to treat T2DM and got better results than single FMT (Ng et al., 2022; Su et al., 2022). It has been observed that FMT can increase the abundance of beneficial microbiota such as Bifidobacterium and decrease the level of Sulfate-reducing bacteria, Desulfovibrio, and Bilophila (Ng et al., 2022; Su et al., 2022). Similar to probiotics, FMT also has difficulty in colonizing the gut, but repeated FMTs can significantly increase the engraftment of lean-associated microbiota (Ng et al., 2022). Notably, FMT transfers not only the healthy microbiota to recipients but also compounds of potentially dangerous microbes (Walker, 2017; Hanssen et al., 2021).



Dietary intervention

Diet and nutrition play the most important influence on how the gut microbiota and the host interact over a lifetime. The ingestion of nutrients influences the composition of microbial metabolism and serves as a substrate for it (Albenberg and Wu, 2014). Therefore, diet interventions are effective ways to alter the gut microbiota composition and influence the host’s health. The earliest human diet in life is breastmilk, and a meta-analysis elucidate that breastfed infant presents a stable and Bifidobacteria-dominating gut microbiota community, which is conducive to immune maturation (Uusitalo et al., 2016). A case–control study that found a lengthy breastfeeding time to be linked to a lower risk of T1DM suggests that exclusive and long-term breastfeeding is an independent protective factor for T1DM (Rosenbauer et al., 2008).

It has been reported that an animal-based diet reduced the abundance of metabolized plant polysaccharides Firmicutes, leading to a reduction in beneficial SCFAs (David et al., 2014), while high dietary fiber intake selectively promoted the growth of a group of SCFA-producing gut microbiota and increased HbA1c levels possibly by increasing the production of GLP-1 (Zhao et al., 2018). After 1 month of a vegan diet, obese patients with T2DM and/or hypertension presented a reduced F/B ratio and increased Clostridium and Bacteroidetes fragile, and they experienced significant reductions in HbA1c and triglyceride levels, weight loss, and improved fasting and postprandial glucose levels (Kim et al., 2013).In addition, high-fat diets regulate the composition of gut microbiota, mainly reducing the number of Bifidobacterium (Marietta et al., 2013). F/B ratio renewed while obese patients accepted carbohydrate-restricted or fat-restricted low-calorie diets (Cotillard et al., 2013; Bouter et al., 2017). Fiber-rich diet contributes to increasing Prevotella, whereas a protein-rich diet is associated with an increased abundance of Bacteroides. (Hartstra et al., 2015).

Concretely, green tea, caffeine, and omega-3 polyunsaturated fatty acids are beneficial for restoring the changed gut microbiota composition (Lau and Wong, 2018; Pascale et al., 2018). Consuming guar gum promoted T2DM patients to experience lipid-lowering effects (Li et al., 2021). Gluten intake promotes T1DM development by altering gut microbiota composition and immune response resulting in β -cell damage (Marietta et al., 2013). Zinc deficiency influences the inflammatory response and metabolic control (Xia et al., 2017), whereas Vitamin A deficiency increases the F/B ratio and decreases butyrate-producing gut microbiota level (Tian et al., 2018).



Antidiabetic drugs

The gut microbiota interacts with various popular hypoglycemic drugs, such as metformin, liraglutide, acarbose, and thiazolidinedione (Gurung et al., 2020; Lee et al., 2021; Smits et al., 2021; Takewaki et al., 2021). The anti-hyperglycemic effect of metformin has been traditionally attributed to its direct action on the signaling process in liver cells, leading to lower hepatic gluconeogenesis. However, it has been reported that metformin can alleviate the reduction of butyrate-producing microbiota, and gut microbiota supports the therapeutic effects of metformin through SCFAs production (Forslund et al., 2015). Treating the newly diagnosed T2DM naively with metformin can increase the amount of the bile acid GUDCA, thus improving IR (Sun et al., 2018). A randomized controlled trial showed that metformin strongly affected the gut microbiota and germ-free mice that received a transfer of fecal samples from metformin-treated donors presented improved glucose tolerance (Wu et al., 2017). In a rodent model, the level of Lactobacillus in the upper small intestine was increased, and sodium-glucose cotransporter-1 (SGLT1) expression was restored, thus increasing glucose sensitivity after using metformin (Bauer et al., 2018).




Conclusion and perspectives

In conclusion, the gut microbiota plays an important role in the occurrence and development of DM, and its composition in both T1DM and T2DM patients differs from that of healthy individuals. In general, opportunistic pathogens are usually reported increasing in DM patients, while probiotics are decreased. This review discusses the role of immune responses, inflammatory responses, metabolic disorders, and other aspects caused by gut microbiota dysbiosis in the pathogenesis of DM, enriching the content of intervention of DM through gut microbiota. This article also summarizes the progress of microbiological therapy in the prevention and treatment of DM, especially the current situation and application prospect of FMT in DM. Nowadays, there are a variety of drugs available to intervene in DM, but these drugs cannot sustainably and consistently prevent the progression of β-cell failure after the onset of DM. Therefore, it is of profound significance to intervene in DM through gut microbiota. In the future, we will verify the effectiveness of gut microbiota intervention in DM through clinical trials, and further, explore the advantages of gut microbiota intervention in DM.
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Diabetic kidney disease (DKD), an emerging global health issue, is one of the most severe microvascular complications derived from diabetes and a primary pathology contributing to end-stage renal disease. The currently available treatment provides only symptomatic relief and has failed to delay the progression of DKD into chronic kidney disease. Recently, multiple studies have proposed a strong link between intestinal dysbiosis and the occurrence of DKD. The gut microbiota-derived short-chain fatty acids (SCFAs) capable of regulating inflammation, oxidative stress, fibrosis, and energy metabolism have been considered versatile players in the prevention and treatment of DKD. However, the underlying molecular mechanism of the intervention of the gut microbiota–kidney axis in the development of DKD still remains to be explored. This review provides insight into the contributory role of gut microbiota-derived SCFAs in DKD.
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1 Introduction

Diabetic kidney disease (DKD) is the leading cause of death among patients diagnosed with diabetes mellitus (DM) and is also a contributor to end-stage renal disease (ESRD) (1). According to the latest data from the International Diabetes Federation, the global population diagnosed with diabetes will reach 537 million and is expected to increase to 693 million by 2045. More than 147 million people affected by DKD are from China; the disease lays a heavy social burden on the medical care system, accompanied by increased family financial costs, low quality of life, and psychological problems (2).

DKD is a complex disease often related to four main characterized pathological changes, including mesangial proliferation, glomerular basement membrane thickening, podocyte loss, and glomerular sclerosis (3). The factors contributing to these pathological changes in patients with diabetes are mainly poor control of hyperglycemia, hypertension, and micro-inflammation (4). To counteract these apparently adverse factors, the recommended first-line therapies include strict blood glucose control with a dipeptidyl peptidase-4 inhibitor or metformin, hypertension control with a renin–angiotensin–aldosterone system inhibitor, and dietary control by reduced carbohydrate intake (5, 6). However, even after following these tight controls, some patients with diabetes still develop DKD, which eventually progresses to ESRD. Thus, it is crucial to fully elucidate the mechanism for the prevention and treatment of DKD (7).

Over recent years, the research community has attached great importance to the idea of the “gut–kidney” axis, first introduced by Meijiers in 2011 (8). The increasing understanding of the “gut–kidney” axis has provided deep insight into the symbiotic relationship between the gut microbiota and the kidney (9). The human gut microbiota harbors a diverse and complex microbial community with more than 100 trillion microorganisms and serves a key role in maintaining the integrity and function of the intestinal tract, regulating immune-inflammatory responses, the absorption and metabolism of nutrients, and removing toxins (10); these functions are beneficial in maintaining a dynamic balance between the gut microbiota and the host’s health (11, 12).

Short-chain fatty acids (SCFAs), a type of saturated fatty acid containing less than six carbon atoms produced by the fermentation of the gut microbiome, are the most studied metabolite (13). The low concentration of SCFAs was observed in both patients with diabetes and diabetic mice but could be improved by supplementation (14, 15), implicating low levels of SCFAs in the pathogenesis of DKD and the positive impact of SCFA supplementation (16, 17). In this review, we summarize the functional role of SCFAs in the prevention and treatment of DKD and discuss the potential association between DKD and the intestinal microbiota microenvironment.


  
2 The pathogenesis regulating the development of diabetic kidney disease

 
2.1 The role of inflammation in diabetic kidney disease

A persistent inflammation induced by high-glucose is a leading cause of DKD via the activation of the generated advanced glycation end product (AGE) pathway, protein kinase C pathway, and polyol pathway, which promotes the expression of cytokines (such as monocyte-chemotactic protein-1, interleukin-1β, and toll-like receptors (TLRs) related to inflammatory pathways and macrophage infiltration leading to insulin resistance, proteinuria, and renal interstitial fibrosis (18–20). Podocytes are a type of terminally differentiated epithelial cell that play an important role in inhibiting the leakage of protein in a positive manner (21); Pyroptosis mediated by the nucleotide oligomerization domain-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome is a new type of cell death that serves as a key pathological factor contributing to accelerated DKD injury (22, 23). The absence of NLRP3 in animal disease models contributes to lowered expression of pro-inflammatory factors and improved renal fibrosis (24, 25). Studies on NLRP3 revealed suppressed activation of inflammasome and infiltration of macrophage in NLRP3 knock-out db/db mice and attenuated renal fibrosis through the blockage of the expression of profibrotic factors, such as transforming growth factor-β (TGF-β), mothers against decapentaplegic homolog 2 (Smad2), and Smad3 (26). Notably, AGEs are strongly toxic to cell survival by inducing the activation of pyroptosis (27). AGEs bind to their receptor expressed in podocytes and sharply reduce the survival rate of podocytes, leading to severe renal injury and the generation of proteinuria through the activation of NLRP3-mediated inflammation manifested by the increased expression of interleukin (IL)-1 β and IL-18 (28, 29). Other inflammatory cytokines like IL-1, IL-6, IL-18, and IL-17 with a potent pro-inflammatory impact were found to be upregulated in urine from patients with DKD, which could be employed as a potential inflammation biomarker in the diagnosis of DKD (30). In conclusion, the hyperglycemia-induced release of inflammatory cytokines is a vital indicator of DKD (31). Earlier detection and inhibition of these inflammatory cytokines may slow the development of DKD and its associated complications.


 
2.2 The role of oxidative stress in diabetic kidney disease

Oxidative stress is another key risk factor involved in the development of DKD (32). A certain amount of reactive oxygen species (ROS) is produced by metabolism in the human body and is capable of degrading bacteria (33). A normal antioxidant system can eliminate the overgeneration of ROS (34). Altogether, the balance between ROS generation and degradation by the antioxidant system plays a large part in maintaining host health (35). However, in patients with DM and poor diabetic control, hyperglycemia induces ROS overproduction that exceeds the eliminating capacity of the antioxidant system, resulting in oxidative stress (22). ROS influences the progress of DKD mainly through the dysregulation of energy metabolism, inhibition of cell growth contributing to cell cycle arrest, alteration in the synergistic or antagonistic effects of a related protein, and activation of inflammation and the immune response mediated by various signaling pathways (23, 36). In one study, tubular epithelial cells treated with high-glucose medium induced ROS over-production leading to the deposition of mesangial cells and thickening of glomerular basement membrane via increased expression of TGF-β and collagen-I (37); ROS also facilitated the expression of pro-inflammatory factors that cause kidney injury. The ROS-induced NLRP3 inflammasome-mediated pyroptosis is a novel pathway involved in the development of DKD (38). Under the diabetic condition, the antioxidant enzymes lose their capacity against oxidative stress by glycation, which leads to the accumulation of ROS, consequently causing severe damage to podocytes resulting in accelerated tubular injury (39). Nicotinamide adenine dinucleotide phosphate oxidase (NADPH) is widely expressed in renal tissue and is also a major source of ROS (40). The mechanism of the role of ROS in the formation of renal fibrosis can be interpreted as follows: High glucose induces the increased expression of NADPH oxidase 4 (NOX4), contributing to the overproduction of ROS, which activates the TGF-β/Smads pathway and other pro-fibrotic factors (36, 41). Moreover, ROS-induced mitochondrial damage aggravates DKD (42). The electrons leak from the respiratory chain and combine with oxygen to form superoxide, which promotes ROS production. Subsequently, ROS disturb the mitochondrion antioxidant capacity, followed by the overexpression of Bcl-2-associated X-protein and caspase-3, leading to the apoptosis of podocytes (43).


  
2.3 The role of autophagy in diabetic kidney disease

Autophagy, an adaptive system reacting to various stimuli, plays a significant role in maintaining the homeostasis of the intracellular environment via impaired protein degradation and recycling of these degraded materials as an energy source for cellular activity (44). Energy metabolism is believed to greatly impact the activation of autophagy. The mammalian targets of rapamycin (mTOR), adenosine monophosphate-activated protein kinase (AMPK), and sirtuins (SIRT) are the three best-known targets that regulate nutrient sensing pathways (45). In DKD, mTOR is a vital autophagy regulator and includes two complexes, the mTOR complex 1 (mTORC1) and complex 2 (mTORC2) (46). Under normal conditions, autophagy is negatively regulated by mTORC1 via phosphorylated unc-51-like kinase 1 (ULK1). However, the higher expression of mTORC1 is often detected in rodents with DKD, which leads to the inhibition of autophagy (47). In streptozotocin (STZ)-induced diabetic mice with hyperactivation of mTORC1, the inhibition of autophagy contributes to renal injury and proteinuria, and the pathological change is manifested by extracellular matrix accumulation and cell death that promote DKD progression to renal failure (48). Notably, the inhibition of autophagy was reversed by rapamycin (a mTORC1 inhibitor) in high-glucose-treated podocytes (49). On the other hand, AMPk promotes the activation of autophagy by sensing the AMP/ATP ratio (50). Excessive energy production reduces AMPk expression in animals with diabetes, which was rescued by treatment with an AMPk activator that alleviated kidney injury (51). Autophagy was also boosted in high-glucose cultured podocytes by the administration of an AMPk activator for apoptosis induction. Mechanistically, AMPk-mediated regulation of autophagy is related to the phosphorylation of ULK1, TSC1/2, and raptor and the inhibition of mTORC1 (52). The effect of SRIT1 is similar to that of APMk in inducing autophagy. Under the diabetic condition, SIRT1 expression is largely suppressed, inhibiting autophagy and contributing to accelerated renal damage (53). The treatment of the animal model with resveratrol (a SIRT1 activator) led to the elevated expression of SIRT1, which could restore autophagy activity and thus protect cells from hyperglycemia. Particularly, overexpression of SIRT1 in STZ-induced diabetic mice had a beneficial effect on the inhibition of podocyte damage and renal fibrosis (54). The mechanism of SIRT1-mediated protection of autophagy relies on its role in deacetylating essential autophagy proteins, such as autophagy-related (ATG)5, ATG7, and light chain3. In conclusion, the restoration of autophagy exhibited a great renal protective effect in preventing DKD (53).


  
2.4 The role of fibrotic mediators in DKD

TGF-β is key factor leading to end-stage renal disease with the features of glomerulosclerosis and renal fibrosis. Its mechanism is associated with activating intracellular signal pathways such as protein kinase and enhanced expression of cytokines to promote fibrosis, which leads to end-stage renal disease (55). Almost all types of kidney cells are capable of secreting TGF-β, and highly expressed TGF-β receptors were detected in those cell membranes. They exerted pro-fibrotic function via autocrine and paracrine pathways that contributed to the occurrence and development of renal fibrosis in diabetes (56). The TGF-β is an upstream regulator of TGF-β/Smads signaling pathway, which is central to the fibrotic component of diabetic kidney damage (57). Multiple exogenous stimulators such as angiotensin-II, protein kinase C, and 38 mitogen-activated protein kinase-dependent pathways could trigger the expression of TGF-β. Under diabetic conditions, hyperglycemia induced massive amounts of ROS production and attacked cell membranes, which lead to upregulation of TGF-β (58). TGF-β mediated renal fibrosis via a complex mechanism, including over-generation of the extracellular matrix, and dedifferentiation of tubular epithelial and glomerular endothelial cells. Smad signaling is key downstream regulator of the TGF-β pathway. In the process of renal fibrosis in an animal model with DKD, the increased level of TGF-β interacts with its receptors and triggers activation of Smad-dependent pathways, Smad2 and Smad3 presented higher expression in kidney tissues, and Smad7 was inhibited (57). Altogether, the TGF-β/Smads pathway was activated to accelerate the formation of renal fibrosis.


  
2.5 The role of abnormal metabolism regulation in DKD

The abnormal glucose metabolism in patients with DKD is characterized by the increased production of advanced glycation end products (AGEs), activation of the protein kinase C (PKC) pathway, and enhanced polyol pathways, which play a significant role in promoting the development of DKD (59). Long-term chronic hyperglycemia stimulates the overgeneration of AGEs by interacting with its receptor, which upregulated the levels of nuclear factor κB (NF-κB), vascular endothelial growth factor (VEGF), transforming growth factor-β 1(TGF-β 1), and monocyte chemoattractant protein-1 (MCP-1) (60). It was believed that progressive glomerulosclerosis in DKD is strongly associated with the increased expression of these protein levels, acting as pro-inflammatory and pro-fibrotic factors that contribute to podocyte injury and extra mesangial matrix (ECM) accumulation. Endothelial nitric oxide synthase (eNOS) is an important enzyme capable of protecting the integrity of vascular endothelial cells (61). The upregulation of PKC induced by high glucose resulted in the decreased production of eNOS and an increase in VEGF levels, which accelerated the development of DKD (62).



 
3 The role of gut microbiota dysbiosis implicated in the pathogenesis of diabetic kidney disease

  
3.1 The reduction in short-chain fatty acids generation aggravates diabetic kidney disease

Intestinal microbiota dysbiosis was observed in patients with DKD, which was attributed to the limited uptake of foods containing high fiber and fruits, resulting in the insufficient production of SCFAs (63). SCFAs, including acetate, propionate, and butyrate, are the end products of polysaccharide fermentation in the distal gut microbiome (64). The absorption of butyrate by intestinal epithelium is a major source of energy for the phosphorylation of AMPK and for promoting the release of glucagon-like peptide-1 (GLP1) (17). The acetate and propionate must bind to G-protein-coupled receptors (GPCRs)41 or 43 expressed on intestinal epithelium to perform their basic functions (17). The activation of GPR41 promotes the secretion of peptide YY (PYY) and controls satiety and intestinal transit. On the other hand, GPR43 inhibits the production of pro-inflammatory factors and enhances GLP1 secretion, which contributes to the production and induces the proliferation of pancreatic β cells and thus exerts renal protection against DKD by reducing blood glucose levels (65). Altered gut microbiota composition was detected in STZ-induced diabetic mice and led to a decrease in the concentration of SCFAs, causing a decline in the secretion of PYY and GLP1, and hence accelerating the development of DKD manifested by proteinuria, loss of renal structure integrity, and renal fibrosis (66). The administration of SCFAs or GPR41 agonists can both hamper the development of DKD by inhibiting the expansion of the high-glucose-induced mesangial cell line, the generation of ROS, and suppression of the expression of pro-inflammatory cytokines, such as monocyte-chemotactic protein-1 (MCP-1) and IL-1β (67). These aspects altogether prove that the low level of SCFAs in the intestinal tract due to intestinal dysbiosis in DM patients has a strong link to the development of DKD.


  
3.2 The role of LPS in diabetic kidney disease

Although a tight control of hyperglycemia is effective against DM and is beneficial to the delay in the progression of DKD, in one study, some patients with diabetes did not reach the stage of DKD even after poor control over hyperglycemia (68). Multiple studies have proposed the idea of alteration in the gut microbiome composition, which serves as a novel indicator of host health. A large number of toxic metabolites are generated and accumulated in patients with DKD due to the dysfunction of gut microbiota dysbiosis in degrading these toxic metabolites that consequently lead to oxidative stress and inflammation (69). In addition, the integrity of the intestinal barrier is impaired, resulting in increased permeability and thus favoring the invasion of pathogenic bacteria and their toxic metabolites (69). The circulating pathogenic bacteria or toxic metabolites in the bloodstream attack the cells and favor the expression of an inflammatory response mediated by endogenous danger signal transduction, which affects the development of DKD (70). Lipopolysaccharides (LPSs), also called endotoxin, is one of the most potent toxic metabolites and is an antigen present on the surface of Gram-negative bacteria; LPSs regulate the activation of inflammation and immune reaction, which thus leads to numerous metabolic diseases (71). The intestinal barrier loses its integrity under dysbiosis conditions, facilitating LPS influx into the systemic circulation to distal organs such as the kidney, which leads to accelerated renal impairment. Prolonged inflammation is a major contributor to DKD. TLRs, such as TLR2 and TLR4, are implicated in the pathogenesis of DKD through the stimulation of an inflammatory response. Growing evidence supports LPS-mediated inflammation in renal tissue by the activation of TLR2 and TLR4-related pathways (72). The mechanism of accelerated DKD damage is associated with the activation of the MyD88/NF-κB pathway by the binding of LPS to TLRs that contributes to increased production of pro-inflammatory factors, including tumor necrosis factor-α (TNF-α), interleukin-1(IL-1), and IL-6 (73). In TLR2 knock-out mice, low MyD88 expression is observed in renal tissue. Meanwhile, TLR2 deficiency has a positive impact on the attenuation of podocyte damage, the reduction of proteinuria, and inhibiting macrophage infiltration. The LPS–TLR4 axis is responsible for the regulation of inflammatory reaction that results in the upregulation of TGF-β, contributing to accelerated renal fibrosis (74). It is becoming increasingly apparent that targeting the LPS–TLRs–MyD88-mediated inflammatory pathway by restoring dysbiotic gut microbiome activation may be a novel therapy against DKD.



3.3 The role of abnormal gut microbiota in activating the immune response

The synergistic or antagonistic correlation between the gut microbiome and immune axis is necessary for maintaining host health. The immune system eliminates pathobionts and thus plays an important role in keeping the host healthy (75). A study on DKD indicated that toxic metabolites produced by an abnormal microbial community contribute to accelerated DKD damage by obstructing the capacity of the immune system to degrade toxin materials. Enhanced activation of complement 5(C5), a vital regulator in the initial stage of the immune system, was observed in db/db mice, which promoted the overexpression of inflammatory factors and activation of the TGF-β/Smads-mediated fibrotic pathway in the kidney, causing both chronic inflammation and kidney injury (76). Under the pathological condition of DKD, the immune complexes formed by pathogens and antibodies depose in the glomeruli to stimulate complement activation, which is responsible for accelerated kidney injury via the recruitment of immune cells (77). A large amount of C5a resides in the intestinal tract, suggesting that the altered intestinal tract microenvironment negatively affects the abundance of C5 by modifying the composition of the intestinal microbiome. The gut tract of db/db mice is characterized by a low abundance of Proteobacteria and Epsilonbacteraeota, which were restored at the phylum level after administration of the C5aR antagonist (C5aRA) (78). Meanwhile, treatment with C5aRA also rescued the decreased production of SCFAs. Over-activation of C5-induced abnormal gut microbiota was found to be responsible for reduced production of SCFAs (79). The C5-mediated STAT3 pathway participates in the development of DKD, leading to the inflammatory response. However, SCFA supplementation exerts a positive effect on the remission of DKD by inhibiting C5 expression. Also, other toxic metabolites, such as trimethylamine N-oxide derived from permeate into the circulatory system through the intestinal epithelium and accumulate in the kidney, which can be recognized by the immune system and forms an immune complex, which subsequently initiates a series of immune-mediated reactions, such as inflammation that affect the progression of DKD (80). In conclusion, an immune reaction mediated by gut microbiota dysbiosis damages the structure and function of the kidney in the DM condition.



3.4 Gut microbiota dysbiosis increased intestinal permeability in DKD

Under normal circumstances, the tight junctions, intestinal epithelial cell membranes, mucus secretion, and gut innate immune defensive mechanisms are the four main parts constituting a complete gut barricade defense system, which is of great importance to preclude the entry of hazardous substances or microorganisms from the intracavity to the circulation system (81); It is becoming increasingly apparent that the occurrence of DKD has a strong link to the disrupted gut barrier defense system. Amounting studies indicated the fact that under the influence of gut microbiota dysbiosis, the permeability of the gut barricade was increased in both patients with DKD and animal models due to structural and functional abnormalities of the gut tract. The intestinal dysbiosis-derived bacteria may take advantage of the leaky gut barrier to enter the bloodstream and act as pathogens or antigens, which trigger an immune reaction. ZO-1 and occluding are two important epithelial tight junction proteins keeping a tight state of the gut tract (82). It was reported that the altered gut microbiota composition in high-fat diet-fed db/db mice caused the downregulation of ZO-1 and occluding levels, which led to increased intestinal permeability and enhanced gut microbiota dysbiosis-derived pathogen absorption, thereby speeding up the deterioration of DKD through triggering tissue inflammatory responses, ROS generation and inflammatory cell infiltration (83). Notably, these unfavorable changes could be attenuated by employing antibiotic therapy. The underlying mechanism of these beneficial effects may be associated with some agents’ capacity for improving the gut barricade and reducing intestinal permeability by regulating gut microbiota and alleviating DKD-related complications (84).



3.5 Other toxic metabolites derived from gut microbiota aggravated the development of DKD

The human body in a healthy state can tolerate a small number of toxic products derived from gut microbiota. However, the increased production of toxic metabolites damaged the gut barricade due to the disorders of the gut environment and alteration in the composition of the gut microbiota, which led to insulin resistance, energy metabolism disorder and immune-inflammatory response in those DKD diagnosed. Trimethylamine N-oxide (TMAO) is a waste product derived from the digestion of red meat by gut microbiota, which has recently emerged as a gut microbiota-dependent metabolite linked to DKD. TMAO participates in the regulation of lipid and glucose metabolism and influences the gut, liver, kidney, and heart through a physiological connection. Multiple studies indicated that the increased concentration of TMAO in the bloodstream is positively correlated with the occurrence of atherosclerosis, thrombosis, and diabetes (85). The elevated TMAO plasma level was observed in C57BL/6J mice after chronic exposure to the provision of supplementary choline or the TMAO diet, with overexpression of collagen and tubulointerstitium ECM accumulation (86). These pathological changes contribute to progressive renal functional loss and renal fibrosis. Moreover, clinical studies have demonstrated that, compared to non-diabetes, the TMAO plasma level is higher in patients with diabetes (87). The unhealthy lifestyle and lack of fiber in the diet have become a major part of modern life and contribute to disorders of the gut microbiota, which are widely found. The uremic toxins, a waste product generated by the imbalance of gut microbiota, play a regulatory role in the activation of various cellular signaling pathways that mediate inflammation, oxidative stress, and apoptosis and influence the development of DKD (88). Under the influence of uremic conditions, the persistent activation of aryl hydrocarbon receptors (AhRs) induced by overgeneration of indoxyl sulfate (IS) results in the apoptosis of podocytes, and a decline in the glomerular filtration rate, and upregulation of pro-inflammatory cytokines (89). In addition, phenyl sulfate (PS), a metabolite derived from intestinal microflora, is reported to be associated with the occurrence of proteinuria in diabetes patients. Taken together, these systemic circulating toxic metabolite levels could be employed as a hallmark of gut microbiota dysfunction.

The above-discussed mechanism of intestinal microbiota dysregulation in the pathogenesis of DKD is summarized in  Figure 1 .




Figure 1  |  The role of gut microbiota dysbiosis implicated in the pathogenesis of diabetic kidney disease. Intestinal dysbiosis results in the accumulation of toxic metabolites, which damage the integrity of the intestinal barrier to facilitate the influx of toxic metabolites into the circulation. This triggers an immune response to secrete pro-inflammatory cytokines that contribute to renal fibrosis and oxidative stress. Altogether, these pathological factors lead to the accelerated progression of DKD.  






4 The role of short-chain fatty acids in the prevention and treatment of the diabetic kidney disease

Sufficient production of SCFAs ensures the host’s health by exerting multiple protective effects against various diseases, including diabetes, obesity, and cardiovascular disease. This beneficial outcome is contributed by SCFAs in regulating energy metabolism, inhibiting inflammation and oxidative stress, and regulating the immune response. Studies on the role and related mechanisms of SCFAs in the prevention and treatment of DKD are summarized in  Table 1  and  Figure 2 .


Table 1  |  Short-chain fatty acids exert multiple functions against diabetic kidney disease.  






Figure 2  |  The function of short-chain fatty acids (SCFAs) in the prevention and treatment of diabetic kidney disease. The intake of a high-fiber diet promotes the production of SCFAs through fermentation by the microbiota residing in the digestive system. SCFAs facilitate resistance to inflammation, the immune response, energy overload, and renal fibrosis mainly via binding to G protein-coupled receptors (GPR)41/43.  




4.1 The role of short chain fatty acids in regulating energy metabolism

The SCFAs provide energy for the maintenance of normal physiological activity of the gut tract (92). The disturbance in energy supply caused by the SCFAs is attributed to the altered composition of intestinal microbiota that causes unwanted effects such as obesity, poor diabetic control, and severe DKD-related vascular diseases. To date, studies have focused on the protective effect of SCFAs as energy metabolism regulators in treating DKD (13). Low production of SCFAs was found in patients with DKD. The administration of SCFAs or transplantation of normal fecal samples from individuals with normal blood glucose could have a positive impact on reducing blood glucose and proteinuria and improving life quality (13). The dietary supplementation of SCFAs or a high fiber diet (a major source of SCFAs) could attenuate albuminuria excretion, lower blood lipids, and prevent renal glomerulus injury in STZ-induced diabetic mice. These positive results were not only observed in animal experiments but also in clinical studies on human beings. In mice with an obesity or DKD diagnosis, less progress was made in controlling the fasting blood glucose level or the body weight after strict control of food intake and drugs for therapy. However, after long-term treatment with acetate or butyrate, DKD or obesity were relieved (65). The high affinity of SCFAs for binding GPCRs is necessary for multiple functions of SCFAs. The protective mechanism of SCFAs in regulating a stable blood glucose level may be related to their involvement in glucose synthesis. GLP1 and PYY are two important hormones responsible for energy metabolism via SCFA-mediated GPCR activation (15). The binding of SCFAs to GPR43 expressed on the cell membrane directly stimulates the goblet cells of the colon to secrete GLP1; the generation of GLP-1 is necessary for the induction and proliferation of pancreatic β cells to perform their role in controlling body weight, reducing blood glucose level, increasing insulin sensitivity, and inhibiting risk factors associated with diabetes (67). The SCFA-mediated GPR41 pathway stimulates entero-endocrine cells to secrete more PYY, which suppresses the increase in blood glucose levels, prohibits gastric emptying, and reduces food intake. In conclusion, the SCFA-mediated GPRs pathway modulates energy metabolism by regulating the secretion of different hormones.



4.2 The role of short-chain fatty acids in inhibiting inflammation and oxidative stress

Prolonged inflammation is a characteristic of DKD. Although the mechanisms by which gut microbiome influences host health and renal therapy have not yet been fully explained, the role of SCFAs has been partly implicated in modulating inflammation (20). Several in-depth studies provide evidence of SCFAs serving as a protective regulator in the reduction of inflammation via inhibition of monocyte recruitment and chemokine production. An investigation into the pharmacological effect of SCFAs indicated a significant attenuation of renal function after sodium propionate treatment in DM patients diagnosed with DKD (93). Propionate exerts its anti-inflammatory effect by curbing the expression of inflammatory indicators, including IL-2, IL-17, IL-6, and TNF-α, and for promoting the expression of anti-inflammatory factor (IL-10) (14). Other studies also suggest the benefits of daily consumption of a certain amount of high-fiber diet in producing more SCFAs in patients with DKD. These beneficial results were also observed in other kidney diseases, such as acute kidney injury (AKI) (94). AKI in animal models is characterized by a fast decline in renal function and a high death rate. The NF-kB signaling pathway plays an irrefutable role in promoting inflammation and contributing to AKI, which could be blocked by the SCFAs (95). The anti-inflammatory effect of SCFAs is also related to their inhibitory effect on HDAC activity. Under diabetic conditions, oxidative stress and inflammation coexist and interact with each other to enhance the condition. Toll-like receptor 4 (TLR4) is a pro-inflammatory factor that is highly expressed in diabetic mice. The oxidative stress condition results in the increased expression of NOX2, which further deteriorates the antioxidant system (94). The generation of ROS and inflammation, enhanced by the TLR4/NOX2 pathway, was reversed by acetate-mediated inhibition of HDAC activity (73). Thus, a better understanding of the benefits derived from SCFAs involved in DKD will have important clinical value.



4.3 The role of short-chain fatty acids in regulating the immune response

Apart from the beneficial results mentioned above, SCFAs regulate immune system homeostasis and the integrity of the intestinal epithelial barrier. The close interaction between epithelial cells and immune cells establishes a solid defense system against the invasion and accumulation of lethal microorganisms (96). Intensive studies have been conducted to understand the relationship between the SCFA-mediated immune response axis and DKD. Most patients with diabetes are troubled by various infectious diseases, such as respiratory tract and urinary tract infections, caused by the decline in immunity induced by intestinal dysbiosis (97). The STZ-induced DKD mice treated with SCFAs had a renal protective effect in terms of reduced proteinuria, a decrease in blood glucose level, and attenuated renal fibrosis. These beneficial outcomes are associated with the inhibitory effect of SCFAs on the expression of TLR4 as well as blocking NF-κB pathway activation (98). Moreover, less macrophage infiltration was observed in renal tissues. The large scale of Th17 cell infiltration was observed in the animal model of DKD, which is generally recognized as a key to initiating an immune response through the secretion of IL-17A and IL17F to produce chemokines, which in turn recruit more Th17 cells, finally leading to inflammation (99). The mechanism of SCFA-mediated renal protection depends on its ability to inhibit the infiltration of Th17 cells, reduce the permeability of the disrupted intestinal barrier, and alleviate oxidative stress conditions.



4.4 The role of short-chain fatty acids in anti-fibrosis

The immune-inflammatory axis plays vital roles in promoting the formation of renal fibrosis, leading to ERSD. SCFAs had shown great benefits in inhibiting immune response and inflammation. The treatment with acetate and butyrate, the main effective ingredients of SCHFAs, was reported to be capable of alleviating tubule interstitial fibrosis as well as reducing ECM deposition in STZ-induced diabetic mice (100). Increasing the SCFA-producing bacteria by XOS supplementation has a positive impact on inhibiting renal fibrosis as well as the infiltration of M2 macrophages (101). HDAC activity was known to contribute to renal fibrosis. Valproic acid was capable of inhibiting HDAC activity, resulting in the reduced phosphorylation of ERK, which further inhibited the proliferation of pericytes to block Ang II-induced fibrosis (102). Under diabetic conditions, the persistent low-grade inflammation induced higher expression of transforming growth factor beta 1 (TGF-β) presented in stimulated tubular epithelial cells, which was reversed by the administration of butyrate (103). It was worth noticing that inhibiting renal fibrosis is a significant method to delay the progression of DKD to ESRD. The mechanism of SCFAs conferring anti-fibrosis protection on DKD is mainly through inhibiting the activation TGF-β pathway, HDAC activity, and reducing phosphorylation of ERK. It is still necessary to explore other SCFAs’ related functions against renal fibrosis.




5 Medical therapies against gut microbiota disorders in DKD


5.1 The role of dietary fiber in regulating gut microbiota

Dietary fiber (DF) provides a large amount of fermentable substrate for intestinal microbiota and regulates the health of the host in an indirect manner, which is recognized as a promising method to delay the progression of DKD (104). Because of the absence of DF-degrading enzymes in the human body, DF cannot be digested and absorbed in the human body. Given its specific chemical composition and structure, DF exerts specific physiological functions, including reducing postprandial blood glucose levels, delaying gastric emptying, and altering gut microbiota composition (105). The undigested DF can be utilized as fuel for the growth of intestinal microorganisms that lead to the proliferation of intestinal flora and production of SCFA (acetate, propionate, and butyrate) through the fermentation process, and increase the abundance of Bifidobacterium and Lactobacillus (106). These beneficial results of DF contribute to anti-inflammation, anti-oxidation, and anti-immune reactions. Non-obese diabetes (NOD) mice were generally used as an animal model to study type I diabetes. After 24 weeks of treatment with long-chain or short-chain inulin fructans, the blood glucose level was significantly improved in NOD mice via an increased abundance of rumen Coccidae and lactic acid bacteria and an upregulated ratio of Firmicutes and Bacteroides. The intake of long-chain or short-chain inulin fructans also produced positive results in decreasing the permeability of the gut barricade and restoring the homeostasis state of intestinal microbiota (107).



5.2 The role of exercise in regulating gut microbiota

Lack of exercise, obesity, and stress are the major causes leading to the rising prevalence of DM. It is estimated that about 27% of DM, 30% of ischemic heart disease, and 21%–25% of breast cancer can be attributed to a lack of physical activity (108). Relevant medical guidelines suggest that a healthy diet and regular physical activity are strongly recommended as the most economical means of preventing and treating diabetes (109). Long-term (12 months) moderate intensity aerobic exercise is capable of reducing the expression of inflammatory-related cytokines, such as IL-1 β and TNF-α, with the upregulation of anti-inflammation factors like IL-4 (110). Moderate physical activity also produces a positive outcome in controlling the development of DM by promoting the secretion of GLP-1, which is helpful to improve glucose metabolism (111). After diabetes mice went through six weeks of exercise, favorable changes were observed in the composition of rat intestinal flora, including a reduction in the abundance of Bacteroides and an increase in the abundance of Firmicutes and Proteus, which promoted the generation of SCFAs (112). These SCFAs induced the secretion of peptide (PYY) limiting the intake of food and GLP-1 increasing insulin sensitivity (113). A sedentary lifestyle has a negative influence on host health because of the reduction in abundance of probiotics and the rising ratio of gram-negative bacteria, which resulted in disorders of the gut environment.

Compared with the less active group, the level of bacterial endotoxin was lower in well-trained athletes, accompanied by a higher concentration of heat shock protein, which contributed to reducing intestinal permeability via enhancing the upregulated tight junction proteins (114).



5.3 The role of probiotics, synbiotics, and postbiotics in the regulation of the gut microbiota

Probiotics are a series of indispensable living bacteria or beneficial microorganisms for human health that participate in the synthesis of various vitamins, the regulation of food digestion, the inhibition of the proliferation of pathogenic bacteria, and the degradation of toxic substances. A survey of 340 DKD patients receiving probiotic intervention had shown that the administration of probiotics exerted beneficial effects on reducing the expression of genes that are responsible for the generation of inflammation and oxidative stress biomarkers via significantly downregulated levels of CRP and MDA plus enhancing GSH expression (115). It was reported that the benefits of supplemental probiotics may also help to protect the gut barrier. The protective mechanism is associated with enhanced levels of occluding and claudin-1, leading to reduced intestinal permeability (116). Synbiotics, a compound consisting of prebiotics and probiotics, possess good biological functions for the prevention of gut microbiota dysbiosis. A study revealed that the intake of synbiotics containing Clostridium butyricum and corn bran played a positive regulatory role in reducing the abundance of pathogens while enhancing the growth of SCFA-producing bacteria, which further led to an increase in acetate and isovalerate (117). Postbiotics is an inanimate microorganism that confers a health benefit on the host. The postbiotic intervention also possesses a regulatory function in inhibiting the differentiation of immature cells into mature adipocytes, reducing body weight gain and lipid accumulation in mice by promoting the activation of the TLR2–AMPK pathway (118). Further studies revealed that the intake of postbiotics could attenuate insulin resistance as well as inhibit inflammation via interacting with NOD2 (119). In short, the renal protective mechanism of probiotics, synbiotics, and postbiotics is mainly associated with the promotion of the growth of beneficial bacterial metabolites (such as acetate, propionate, and butyrate) as well as protecting the gut barrier via limiting the production of LPS and TMAO. The intake of probiotics, synbiotics, and postbiotics also helped to suppress the activation of signaling pathways that were responsible for oxidative stress, inflammation, and insulin resistance.




6 Conclusion and prospect

DKD is a global health problem with a complex mechanism of pathogenesis. A full understanding of the mechanisms underlying DKD is of great significance for laying out an effective treatment plan for the disease. Inflammation, oxidative stress, and autophagy play negative roles in accelerating the progress of DKD. Treatments involving inhibition of inflammation, reducing oxidative stress, and restoring autophagy activation are shown to protect podocytes and decrease proteinuria. Recent progress in the knowledge of the “gut–kidney” axis is a novel perspective for elucidating the relationship between gut microbiota and DKD. SCFAs are beneficial end products derived from gut bacteria, which regulate a variety of host physiological functions. Nonetheless, the mechanism of attenuation of DKD-related complications by the administration of SCFAs is still in its infancy. The beneficial effects of SCFAs may be associated with their ability to regulate energy metabolism, reduce the inflammatory response, and suppress immune effects. It is apparent that the beneficial properties of SCFAs act as a promising biomarker to diagnose and treat DKD. Still, a few questions need to be addressed before the clinical application of SCFAs.

First, the binding of SCFAs to GPCRs is necessary for their diverse functions. But there are still many unknown receptors with GPCR-like effects yet to be discovered. Discovering these not-yet-known receptors and developing specific targeted drugs will contribute to solving the puzzle of DKD. Second, most of these SCFA-induced beneficial results were observed in animal experiments and have rarely been performed in humans. Further research should be conducted to confirm whether these benefits could be repeated in humans. Lastly, SCFAs undoubtedly have an irrefutable role in attenuating DKD; any possibility that other metabolites would produce the same beneficial results needs to be investigated.

We are confident that these difficulties will and must be overcome to elucidate the detailed mechanism of the function of SCFAs and their promising medical value to mankind.
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Metabolic syndrome mainly includes obesity, type 2 diabetes (T2DM), alcoholic fatty liver (NAFLD) and cardiovascular diseases. According to the ancient experience philosophy of Yin-Yang, monarch-minister compatibility of traditional Chinese medicine, prescription is given to treat diseases, which has the advantages of small toxic and side effects and quick effect. However, due to the diversity of traditional Chinese medicine ingredients and doubts about the treatment theory of traditional Chinese medicine, the mechanism of traditional Chinese medicine is still in doubt. Gastrointestinal tract is an important part of human environment, and participates in the occurrence and development of diseases. In recent years, more and more TCM researches have made intestinal microbiome a new frontier for understanding and treating diseases. Clinically, nonalcoholic fatty liver disease (NAFLD) and diabetes mellitus (DM) often co-occur. Our aim is to explain the mechanism of interaction between gastrointestinal microbiome and traditional Chinese medicine (TCM) or traditional Chinese medicine formula to treat DM and NAFLD. Traditional Chinese medicine may treat these two diseases by influencing the composition of intestinal microorganisms, regulating the metabolism of intestinal microorganisms and transforming Chinese medicinal compounds.
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1 Introduction

Intestinal microecology is an important part of human environment. It is composed of intestinal microbiota, intestinal epithelial cells and immune system, forms intestinal mucosal barrier and plays an important role in energy metabolism. Both external and genetic factors affect the composition and function of intestinal microecology. The steady state of microbiota is closely related to human health. There is growing evidence that intestinal microbiota and their metabolites play an important role in the development of obesity, diabetes and nonalcoholic fatty liver disease (1). Diabetes and non-alcoholic fatty liver are two diseases closely related to intestinal microbial homeostasis. T2DM is the main type of diabetes, mainly manifested as metabolic disorders, such as hyperglycemia, hyperlipidemia and insulin resistance. Diabetes can lead to a variety of serious complications, such as retinopathy and diabetic nephropathy, gestational diabetes, atherosclerosis and other cardiovascular diseases, these complications affect the quality of life of a large number of people around the world. The rapid growth of diabetes has brought a great burden on the global society and economic society (2). Nonalcoholic fatty liver disease (NAFLD), as a common chronic liver disease, can be divided into fatty liver, steatohepatitis and liver fibrosis according to the degree of inflammation and fibrosis. The main manifestations of NAFLD are steatosis, lipotoxicity and inflammatory injury, which are associated with glucose homeostasis and persistent low-grade inflammation (1) (3). Studies have found that intestinal flora and metabolites can reverse some metabolic disorders, including high fat, tissue inflammation and low insulin sensitivity and secretion (4). This suggests that intestinal flora can be used in the treatment of diabetes and fatty liver (5).

As an important supplementary means of clinical medicine, traditional Chinese medicine has been widely adopted in some East Asian countries. In some western countries, such as the United States, Britain and Germany, the trend of using traditional Chinese medicine as a treatment for diseases is becoming more and more obvious. Different from chemical drugs and biological agents, traditional Chinese medicine and traditional Chinese medicine formulations under the guidance of traditional Chinese medicine theory are often difficult to determine specific bioactive components. Traditional Chinese medicine prescribes prescriptions to treat diseases under the guidance of ancient empirical philosophy, such as yin-yang, monarch-minister compatibility and so on. Traditional Chinese medicine advocates the concept of wholeness and regards organs such as internal organs as a whole. the destruction of intestinal microbial homeostasis promotes the development of metabolic syndrome such as diabetes, fatty liver and cardiovascular syndrome, which is in line with the “whole” concept of TCM theory. There has been a sharp increase in patients with diabetes and non-alcoholic fatty liver disease worldwide, which studies have shown may be associated with insulin resistance. Patients usually suffer from these two diseases at the same time, which is a difficult problem in clinical treatment (6). As insulin resistance plays an important role in the development of non-alcoholic fatty liver, diabetes drugs are often used as the treatment option for the treatment of non-alcoholic fatty liver (7) (8). On the one hand: there are no approved drugs for nonalcoholic fatty liver disease, and the only approved treatment option is to improve diet and lose weight. On the other hand: the drugs used to treat diabetes are still defective in the treatment of fatty liver. With the discovery of plant-derived natural products quercetin, resveratrol, polysaccharides, berberine and curcumin in the treatment of diseases, researchers have focused on “simple, convenient and low-toxic” herbs. Researchers have found that single herbs such as Coptis chinensis, Radix Astragali, Ginseng and herbal formulations such as SiMiao, Gegen Qinlian decoction, Huanglian jiedu decoction and LLKL have potential therapeutic effects on T2DM and NAFLD. These herbs exert pharmacological effects through intestinal microflora and mainly include two ways: changing the composition of intestinal microorganisms and affecting the metabolism of intestinal microflora. The main purpose of this review is to explain the therapeutic effect of intestinal microbiota on diabetes and non-alcoholic fatty liver.



2 Association between diabetes mellitus and non-alcoholic fatty liver disease


2.1 Diabetes mellitus and non-alcoholic fatty liver disease – two clinically associated diseases

Diabetes is a metabolic disorder characterized by hyperglycemia caused by deficiency of insulin secretion and/or deficiency of insulin action. There are two main types of diabetes, insulin-dependent type 1 diabetes (T1DM) and insulin-independent type 2 diabetes mellitus (T2DM), of which type 2 diabetes accounts for 90% of patients with diabetes (9). Nonalcoholic fatty liver disease (NAFLD) is considered to be the most common form of liver disease in the world, including fatty liver, steatohepatitis (NASH) and liver fibrosis (10). NASH is a progressive form of nonalcoholic fatty liver. NAFLD is a risk factor for metabolic disorders such as obesity, diabetes, especially T2DM and cardiovascular disease. Among obese people undergoing bariatric surgery, the prevalence of NAFLD is as high as 90%, and among diabetics, the prevalence of NAFLD can be as high as 71%. Insulin resistance (IR) exists in almost all patients with NAFLD and T2DM. Through the evaluation of the homeostasis model of insulin resistance, it was found that there was a significant correlation between IR and the prevalence of steatohepatitis in NAFLD. The relationship between diabetes and nonalcoholic fatty liver gradually evolved into the relationship with simple steatosis (SS), NASH and liver fibrosis (11) (12). Cross-sectional studies have shown that non-alcoholic fatty liver disease usually occurs in patients with type 2 diabetes (13). A systematic review and meta-analysis of 27 clinical trials confirmed the direct relationship between fatty liver and the incidence of diabetes (14). The probability of developing diabetes is also different in different steatosis states. Follow-up results showed that the incidence of diabetes in patients without steatosis, intermittent steatosis and persistent steatosis increased by 5.1%, 14.1% and 27.1%, respectively. It can be speculated that early intervention of steatosis has a resistant effect on the development of diabetes (15) A study based on patients with nonalcoholic fatty liver disease and first-degree relatives in the United States found that familial aggregation of insulin resistance syndrome has a genetic susceptibility to supporting nonalcoholic fatty liver disease (16). Family history of diabetes, especially in non-diabetic patients, is associated with nonalcoholic steatohepatitis (NASH) and fibrosis in NAFLD (17). In addition, the occurrence and development of cardiovascular diseases such as obesity, retinopathy, renal failure, peripheral neuropathy and atherosclerosis are also related to diabetes (9).



2.2 Beneficial effects of various anti-diabetic drugs on non-alcoholic fatty liver disease

In the above part, we have explained the clinical correlation between NAFLD and T2DM. However, NAFLD does not have an explicitly approved drug, and the only approved treatment option is to change diet and exercise. IR plays an important role in the development of NAFLD, and many hypoglycemic drugs have been evaluated for the treatment of NAFLD. These drugs mainly include biguanides, glucagon-like peptide 1 receptor (GLP-1) agonists, peroxisome proliferator-activated receptor (PPAR) agonists and farnesoid X receptor (FXR) agonists. Metformin is known to improve lipid metabolism by activating adenylate-activated protein kinase (AMPK), an important regulator of energy metabolism (18). Metformin exerts the preventive effect of NAFLD by increasing AMPK phosphorylation, inhibiting macrophage polarization, reducing macrophage infiltration and the expression of pro-inflammatory cytokines (TNF- α, IL-1 β and IL-6), relieving liver inflammation and fat accumulation (19, 20). In addition, metformin alleviates fatty liver degeneration in obese mice by affecting the protein levels of CYP7B1 and CH25H, a cholesterol hydroxylase, to regulate cholesterol secretion and metabolism (21). Glucagon-like peptide-1 (GLP-1) is an enterotropic insulin secreted by intestinal endocrine L cells that regulates glucose regulation by slowing gastric emptying and glucose-dependent inhibition of glucagon secretion. GLP-1 can improve liver insulin sensitivity (22, 23)and enhance the direct effect of lipid hydrolysis and oxidation on liver (24–26). Lilarutide is a kind of GLP-1 analogue. Studies have shown that liralutide can reduce liver enzymes, including alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (27). Lipopeptide is associated with liver lipid metabolism, total cholesterol (TC) and triglyceride (TG) (28). Pioglitazone belongs to PPAR- γ agonist and has insulin sensitizing effect (29). Pioglitazone reduces the accumulation of lipids in the liver (30) by improving fatty acid uptake and transport. Farnesoid X receptor (FXR) is a kind of nuclear receptor activated by bile acid, which is highly expressed in the liver and intestines and is related to bile acid and lipid metabolism (31). FXR agonists can reduce insulin resistance, improve lipid metabolism disorders, and alleviate fatty liver degeneration (32).



2.3 Summary

In conclusion, there is a close relationship between diabetes and nonalcoholic fatty liver disease. Metformin, liralutide and pioglitazone are used in the treatment of diabetes and drugs can be developed for the treatment of non-alcoholic fatty liver.




3 How does the gut microbiota influence T2DM and NAFLD


3.1 Intestinal microbes

Intestinal microecology is an extremely complex ecosystem, which is composed of intestinal microflora, intestinal epithelial cells and intestinal immune system. Intestinal microecology is regarded as an important “organ”, which plays an important role in regulating human metabolism (33). Intestinal microflora, also known as intestinal bacteria, is a complex microbial community living in the gastrointestinal tract of the human body in a symbiotic way, which mainly includes two phyla, thick-walled bacteria and Bacteroides (34). Diabetes and nonalcoholic fatty liver disease are metabolic diseases related to obesity (35). Obesity increases the risk of diabetes and NAFLD in humans (36, 37). Intestinal flora disorders have been repeatedly observed in these metabolic diseases, which seem to be related to changes in the proportion of thick-walled bacteria and actinomycetes in the intestines (38, 39). In patients with T2DM, it was observed that the abundance of Streptococcus faecalis and Rosobacter increased, while the abundance of Shigella and Bifidobacterium decreased (40). The decrease of microbial diversity and the increase of Prevotella abundance were observed in the feces of children with NAFLD. Today, unhealthy Western diets are promoting and aggravating the course of T2DM and NAFLD, which may be reduced or reversed by intestinal flora treatment (41–43).



3.2 Intestinal microbial metabolites


3.2.1 SCFAs

Intestinal ecological disorders usually lead to changes in intestinal SCFAs levels. Short-chain fatty acids (such as acetate, propionate and butyrate) produced by intestinal microorganisms not only provide nutrition and energy for the host (44), but also participate in lipid metabolism and glucose metabolism through a variety of pathways (45), thus affecting the development of T2DM and NAFLD. It has been found that human cells respond to SCFAs mainly by activating G protein coupled receptor (GPR41,GPR43) and inhibiting histone deacetylase (HDAC) (46, 47). G protein coupled receptors are expressed in adipose tissue (48), liver (49) and pancreatic β cells (50). Acetate is an important substrate for fatty acid synthesis, and the increase of acetate will lead to the accumulation of triglycerides (51, 52). Propionate is an important precursor of gluconeogenesis, and an increase in propionate levels will promote gluconeogenesis in the liver (53). Acetate and propionate activate GPR43 receptors, inhibit insulin signal transduction in adipocytes, inhibit fat accumulation and promote lipid and glucose metabolism in other tissues (54, 55). Butyrate promotes the expression of gluconeogenesis-related genes in a cAMP-dependent manner. In addition, SCFAs stimulates intestinal endocrine cells to secrete glucagon-like peptide 1 (GLP-1) and YY peptide (PYY) through a GPR-dependent mechanism. These two hormones inhibit appetite, promote fat oxidation, promote insulin secretion and reduce glucagon, and inhibit hepatic steatosis and the development of diabetes (47, 56). In addition, propionate and butyrate can also act as HDAC inhibitors to induce increased PYY mRNA levels (57).



3.2.2 TMAO, BAs and BCAAs

Trimethylamine N-oxide (TMAO) is a metabolite associated with diabetes, liver steatosis and other chronic diseases (58). TMAO is derived from intestinal microflora that metabolizes choline. Choline is converted to trimethylamine (TMA) through Flavin-containing monooxygenase, and TMA is converted into TMAO in the liver (59). It was found that TMAO accumulated in the serum of patients with T2DM and NAFLD (60–62). TMAO can play a role in NAFLD by changing bile acid metabolism (63). In addition, TMAO may induce pancreatic β-cell dysfunction and promote the pathogenesis of T2D (64). Bile acids include primary bile acids and secondary bile acids. Primary bile acids are synthesized by cholesterol in the liver. Primary bile acids enter the intestine and are converted into secondary bile acids by intestinal flora. As an important mediator of intestinal-liver crosstalk, bile acid mainly acts on two key receptors, farnesoid X receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5), and regulates glucose homeostasis and lipid metabolism (65, 66). Bile acid metabolism is associated with the onset and progression of type 2 diabetes and NAFLD (67). Bile acid chelating agents can inhibit FXR activity in intestinal L cells, promote the production and secretion of GLP-1, and improve blood glucose (68). It can also reverse hepatic steatosis, inflammation and fibrosis by interrupting intestinal bile acid reabsorption (69). Branched chain amino acids (BCAAs) are essential amino acids, including leucine, isoleucine and valine (70). Intestinal microflora can produce and degrade branched chain amino acids. The increase of host branched chain amino acids is related to metabolic fatty liver disease and diabetes (71, 72). Amino acid-induced insulin signal transduction damage and G protein coupled receptor involvement lead to insulin resistance and type 2 diabetes mellitus (73). Leucine affects glucose metabolism by activating rapamycin complex 1mTORC1 (74). Host circulating branched chain amino acids were positively correlated with higher cholesterol level, liver fat content and insulin resistance (IR) (75). However, some studies have found that supplementation of branched chain amino acids can reduce the expression of adipogenesis-related genes FAS and ACC in the liver and reduce fat accumulation in the liver of rats fed with high-fat diet (72, 76).




3.3 Intestinal permeability and inflammation

The intestinal barrier consists of mucin layer and epithelial cells. The destruction of intestinal barrier makes it easier for bacterial metabolites and inflammatory cytokines to enter the circulatory system, which is related to the occurrence of metabolic syndrome (77). It is known that secondary bile acid pass inhibits the expression of intestinal tight junction protein and increases intestinal permeability (78). The production of LPS results from the overgrowth of Gram-negative bacteria in the intestinal tract. LPS circulates through the portal vein to the liver to induce liver injury and inflammation (79, 80). The increase of intestinal permeability and inflammation induced by LPS is mediated by TLR4-dependent activation of ganglion (81). By inducing the activation of TLR4/NF- κ B signal pathway, LPS upregulates the levels of inflammatory factors such as TNF- α, IL-1 and IL-10, and promotes oxidative stress, resulting in insulin resistance and NAFLD (82, 83). Similarly, SCFAs reduces intestinal inflammation by inhibiting the LPS/NF-kappa B/TLR4 pathway (84). SCFAs reduces inflammation by inhibiting the activity of histone deacetylase (HDAC) and promoting the production of regulatory T cells (Treg) (85).



3.4 Summary

From the above introduction, it can be known that intestinal microbiota disorder is the key to the occurrence and development of T2DM and NAFLD. It can induce local organ or systemic inflammation by changing the diversity of intestinal flora, affecting microbial metabolism and destroying intestinal barrier.




4 Intestinal flora– the “target organ” of traditional Chinese medicine in the treatment of diseases

Traditional Chinese medicine has a history of treating diseases in China for more than 2000 years, including single drug treatment and compound drug treatment. T2DM and NAFLD are metabolic diseases characterized by hyperglycemia and fat accumulation. Intestinal flora mediates the occurrence and development of metabolic diseases and is used as an important organ to participate in metabolic regulation. A series of experimental results also show that the hypoglycemic and lipid-lowering effect of traditional Chinese medicine is related to intestinal flora. Below, we will introduce the molecular mechanism of traditional Chinese medicine in the treatment of diabetes and fatty liver from the point of view of intestinal flora structure, intestinal barrier and intestinal metabolites. The mechanism of the therapeutic effect of traditional Chinese medicine (TCM) is shown in 
Figures 1
, 
2
.




Figure 1 | 
Mechanism of TCM in treating diseases.







Figure 2 | 
Traditional Chinese medicine exerts a therapeutic effect through intestinal flora, such as enterococcus, Akkermansia, and Vibrio desulfurization.





4.1 Individual herbs or herbal extracts

It is well known that traditional Chinese medicine extracts resveratrol, berberine, ginsenosides and curcumin play a beneficial regulatory role in lipid and glucose metabolism. Resveratrol is a natural polyphenol compound found in most herbs and has the potential to relieve diabetes and liver steatosis (86). It has been proved that the therapeutic effect of resveratrol is mediated by intestinal flora. For example, resveratrol alleviates the progression of diabetic nephropathy by reversing the low levels of Bacteroides, Alistipes, Rikenella, Odoribacter, Bacteroides and Alloprevotella in db/db mouse model. The therapeutic effect of resveratrol on db/db mice is related to resveratrol reversing the imbalance of intestinal flora, improving intestinal barrier, reducing intestinal permeability and inflammation (87). In addition, resveratrol can act as a potential NAFLD replacement therapy, and its therapeutic effect has been evaluated and confirmed in a number of trials. Previous experimental results have shown that resveratrol can improve lipid metabolism and reduce lipogenesis and inflammation in high-fat-fed mice, thus reducing hepatic steatosis (88). A new study found that high-fat diet (HFD)-induced NAFLD mice treated with resveratrol reduced the enrichment of lipid and glucose metabolism-related pathways, and this change was closely related to changes in intestinal flora. Resveratrol can reshape the diversity and composition of intestinal flora at different levels of the family. At the phylum level, the number of thick-walled bacteria increased significantly, while that of Bacteroides decreased significantly; at the family level, the erysipelaceae increased; at the genus level, the Olsenella content increased. Resveratrol reduces the invasion of harmful substances by up-regulating tight junction protein zo-1 and ameliorates liver inflammation by down-regulating inflammatory factors (IL-1, TNF- α, MyD88 and TLR-4) (89).

Berberine is a natural isoquinoline alkaloid extracted from herbal plants, which is the main activity of Coptis chinensis and Berberis (90, 91). The interaction between berberine and intestinal flora can alleviate metabolic disorders such as T2DM and NAFLD. Intestinal flora affects the absorption and transformation of berberine in gastrointestinal tract, and berberine also interferes with the structure and function of intestinal flora (92). In a study of Sprague-Dawley (SD) rats, the intestinal microflora diversity and richness of rats treated with berberine changed. At the gate level, there are higher abundance of Bacteroides and lower abundance of Proteus and verrucous microorganisms. At the family level, the family of Lactobacillus was significantly up-regulated. The concentrations of tyrosine, tryptophan and phenylalanine, the metabolites of intestinal flora, decreased in intestine and serum. Some studies have shown that high concentrations of aromatic amino acids are positively correlated with the risk of diabetes (93). Therefore, berberine treatment reduced the risk of diabetes in SD rats (94). Berberine is metabolized to berberine in the liver (95). It has been proved that berberine can regulate bile acid metabolism, activate intestinal farnesoid X receptor (FXR) and inhibit hepatic gluconeogenesis, and has significant lipid-lowering and hypoglycemic effects (95). Interestingly, by analyzing the composition of intestinal flora in high-fat (HFD)-fed mice, the researchers found that berberine increased intestinal beneficial bacteria, such as ileobacteria and myxobacteria. In addition, berberine reduced fat accumulation in the liver of HFD mice and decreased the levels of ALT and AST, which were beneficial to the treatment of NAFLD. Berberine can improve the imbalance of glucose homeostasis in HFD mice by affecting the expression of proteins related to glucose metabolism (PPAR γ, G6Pase, GLUT2,p-GSK) (96).

Ginsenosides are a kind of bioactive components extracted from plant medicine Ginseng. Ginsenosides can fight a variety of diseases through intestinal flora (97). Ginsenoside Rg1 can relieve T2D symptoms induced by HFD and streptozotocin (STZ) in rats, which may be related to the increase of the proportion of lactic acid bacteria and Lachnospiraceae and the decrease of the proportion of Lactobacillus by Rg1. Spearman correlation analysis showed that Lactobacillus was positively correlated with IL-1 β, IL-6, TNF- α and ROS levels (98). Lachnospiraceae is the main source of intestinal SCFAs, especially butyric acid (99, 100). Rg5 relieves inflammation by reducing plasma LPS levels and inhibiting the activation of TLR4-related signaling pathways in db/db mice. The hypoglycemic effect of Rg5 is related to its reducing the abundance of thick-walled bacteria and verrucous microorganisms and increasing the abundance of Bacteroides and Proteus in db/db mice (101). 25-hydroxy-protopanaxatriol (T19) is a new type of ginsenoside. Lachnospiraceae is a beneficial bacteria that regulates glucose and lipid metabolism. It was found that T19 significantly improved the abnormal glycolipid levels induced by HFD and STZ by significantly increasing the relative abundance of Lachnospiraceae family (102).

Curcumin is a polyphenol compound, mainly found in turmeric root (103). Curcumin attenuates dextran sulfate-induced T2MD symptoms in mice by reshaping the balance of Th17 and Treg in lymphoid cells. Th17 and Treg are related to the secretion of pro-inflammatory factor IL-17A and anti-inflammatory factor IL-10, respectively. Spearman analysis showed that curcumin mainly relieved chronic inflammation caused by T2MD by increasing the level of Roseburia and decreasing the levels of Erysipelatoclostridum and norank_f_Oscillospiraceae (104). Tetrahydrocurcumin (THC) is the main metabolite of curcumin. THC improves diabetes in db/db mice by reducing the relative abundance of Proteus and actinomycetes and promoting the expression of GLP-1 in the pancreas (105).

Herbs such as Polygala, licorice, Scutellaria baicalensis and Lycium barbarum also have the potential to treat diabetes and chronic liver disease. Polygala polygala extract (PTE) inhibits fat accumulation by promoting the expression of PPAR α. In addition, PTE regulates metabolism by enriching Proteus and reducing deferrifying bacteria (106). Licorice extract can reduce intestinal inflammation by reducing the levels of NF- κ B, Toll-like receptor 4 (TLR4) and tumor necrosis factor-α (TNF- α) in the colon of diabetic mice. The recovery of intestinal microbiology by licorice extract is related to the decrease of Lachnospiraceae _ NK4A136 content at genus level (107). The water extract of Scutellaria baicalensis Georgi can treat diabetes and complications by regulating the interaction between intestinal flora and bile acid metabolism. FXR is highly expressed in liver and intestine and is the key receptor of bile acid. Scutellaria baicalensis water extract can inhibit the expression of FXR in diabetic rats. Water extract of Scutellaria baicalensis Georgi can reverse the low levels of thephylaTenericutes and Patescibacteria and decrease the abundance of Lactobacillus and feacalibaculum in diabetic rats (108). Lycium barbarum polysaccharides can increase the proportion of probiotics, such as Ackermania, Lactobacillus and Prevaceae; Lycium barbarum polysaccharides can reduce intestinal pH and regulate the intestinal environment; Lycium barbarum polysaccharides can also stimulate innate immunity in the intestinal mucosa, such as macrophages or lymphocytes (109, 110). In addition, some Chinese herbal and natural plant extracts, such as cinnamon, Dendrobium, Radix Astragali, rhubarb, Aristolochia manshuriensis, cichoric acid, inulin, polyphenols, Ganoderma lucidum and mulberry polysaccharides are also effective in preventing and treating T2DM, NAFLD and related metabolic diseases. More details are shown in 
Table 1
.


Table 1 | 
The mechanism of action of individual herb or herbal extracts.






4.2 Chinese herbal formulae

The formula of traditional Chinese medicine is another important means for the treatment of diseases in traditional Chinese medicine, and it is often used in the diagnosis and treatment of clinical diseases as a supplement to western medicine. The compatibility of traditional Chinese medicine is not random. On the contrary, it is necessary to follow the principle of compatibility of traditional Chinese medicine and the principle of diagnosis and treatment of traditional Chinese medicine (140).

Pi-Dan-Jian-Qingdecoction (PDJQ) contains Radix Astragali, Radix Pseudostellariae, Coptis chinensis, Scutellaria baicalensis, Rhizoma Atractylodes, Salvia miltiorrhiza and Litchi. PDJQ has a good intervention effect on the clinical treatment of diabetes. In addition to regulating intestinal flora and inhibiting inflammation, the mechanism of PDJQ in treating diabetes is also related to the regulation of tryptophan metabolism, histamine metabolism and tricarboxylic acid (TCA) circulation. The specific results were as follows: at the genus level, PDJQ increased the relative abundance of Lactobacillus, Brucella, Bacteroides, Vibrio Desulfuricus and Ackermania, and decreased the relative abundance of Prevos. In addition, correlation analysis showed that the regulatory effects of PDJQ on tryptophan metabolism, histidine metabolism and TCA cycle pathway were related to the abundance changes of Lactobacillus, Bacteroides and Ackermann bacteria (141).

Gegen Qinlian Decoction (GQD) is composed of seven traditional Chinese medicines: Pueraria lobata, Coptis chinensis, Scutellaria baicalensis, Anemarrhena anemarrhena, American ginseng, red peony root and dried ginger. The mechanism of GQD in the treatment of diabetes is similar to that of berberine. GQD restores glucose homeostasis by increasing butyrate-producing bacteria, such as Faecalibacterium and Roseburia (142).

LingguiZhugan (LGZG) formula, a traditional Chinese medicine formula composed of Poria cocos, cassia twig, Atractylodes macrocephala and licorice, plays a useful role in the treatment of obesity-related diabetes. LGZG plays a role in controlling blood glucose and reducing insulin resistance, which may be mediated by intestinal microorganism OscillospiraandHelicobacte (143).

The effective components of inQiJiangtangTablet (JQJT) tablets are berberine, chlorogenic acid, astragalus polysaccharides and astragaloside IV mainly from Coptis chinensis, astragalus membranaceus and honeysuckle. Studies have shown that these active components are related to intestinal bacteria relieving insulin resistance and low-grade host inflammation. JQJT can increase the concentration of SCFAs in T2DM mice, especially butyric acid. JQJT treatment group showed lower desulphurization vibrio and higher Ackermania (144).

Xiexin T ang was first recorded in the synopsis of the Golden Chamber, an ancient Chinese medical book, and consists of rhubarb, Scutellaria baicalensis and Coptis chinensis. In traditional medicine, diabetes is called diabetes. Xiexin T ang has a long history in the treatment of diabetes and its effect is obvious. The new study found that Xiexin T ang improved diabetic symptoms in rats by changing the levels of bacteria that produce SCFAs and anti-inflammatory bacteria, such as Adlercreutzia, Barnesiella, and Prevotellaceae NK3B31 group (145).

In addition, other TCM formulations and TCM preparations derived from TCM formulations, such as Simiao Wan, Qijian mixturen, Naoxintong capsule and Herbal formula LLKL, have also been found to play a therapeutic role through intestinal flora. More details are shown in 
Table 2
.


Table 2 | 
The mechanism of action of Chinese Herbal Formulae.







5 Discussion

Traditional Chinese medicine can affect the abundance of intestinal microbiota at different levels (
Tables 1
, 
2
). Therefore, we believe that the role of traditional Chinese medicine in the treatment of T2DM and NAFLD is probably related to its role in mediating intestinal microbial changes. There are differences in intestinal flora changes and therapeutic mechanisms mediated by different Chinese medicines.


5.1 Intestinal barrier

The damage of intestinal mucosa and the increase of inflammatory factors are related to T2DM and T2DM related metabolic diseases. Traditional Chinese medicine alleviates metabolic inflammation by increasing intestinal mucus and tight connection (152).Restoratol, ginsenoside Rg5, Curcumin, Nuciferinehe and traditional Chinese medicine formula Si Miao maintain the integrity of intestinal barrier by promoting the expression of tight junction protein ZO-1 and blocking protein. Nuciferine also enhances the intestinal barrier by increasing the expression of goblet cells and mucin2 (138). intestinal epithelium from damage by producing certain enzymes in the intestine. Resveratrol, Inulin, Rhubarb, Quercetin, and traditional Chinese medicine formulas such as Simiao Wan, JinQi Jiangtang T ablet, Huang Lian Jie Du Division can increase the abundance of Akkermansia. Escherichia coli is not conducive to maintaining the integrity of the intestinal barrier. The metabolic enzyme StcE produced will break down mucin, increase intestinal permeability and induce intestinal inflammation. Dendrobium can reduce the content of Escherichia coli in the intestine of db/db mice (116). Oscillibacter belonging to Ruminal Cocci family can also increase intestinal permeability. Astragaloside IV inhibits the increase of intestinal permeability by reducing the abundance of Oscillibacter (117).



5.2 Inflammation

LPS entering the intestinal tract will induce intestinal inflammation, and LPS mainly comes from vibrio desulfuricus (153). Inverterol, Pueraria lobata starch and Nuciferine can reduce the abundance of harmful bacteria, Vibrio desulfurization. LPS combines with TLR of intestinal epithelial cells to induce the release of proinflammatory factors and aggravate the host’s inflammatory response. Berberis kansuensis, Rhubarb, Quercetin, Morchella esculenta mushroom polysaccharide, Gynostemma pentaphyllum, Pueraria lobata start, as well as Chinese herbal formula Gegen Qinlian Reaction and JinQi Jiangtang T ablet can reduce TNF- α, IL-1 β And IL-6 levels, thereby relieving inflammation caused by bacterial endotoxin. Salviae polysaccharide, Laurolitsine, Inulin and Curcumin can increase the level of anti-inflammatory factor IL-10 (104, 122, 130, 136). In addition, Restoratol, Curcumin, Nuciferine and Chinese herbal formula LLKL can reduce TLR4/MyD88/NF- κ B pathway inhibits LPS induced inflammatory mediator production (89) (113, 138). In particular, Curcumin alleviates T2DM symptoms by maintaining the balance of immune cells Th17 and Treg, reducing intestinal mucosal damage and infiltration of inflammatory cells (104). Chiric Acid and laurolitsine regulate AMPK/NF- κ B signal pathway can reduce systemic inflammation caused by LPS (121) (130). Oxidative stress is another factor leading to inflammatory response. Astragaloside IV can reduce the level of oxidative stress through AMPK/SIRT1 and PI3K/AKT signaling pathways. Dendrobium, Mulberry fruit polysaccharide and Ganoderma lucidum extract have antioxidant capacity, which can reduce the level of malondialdehyde (MDA) and increase the content of superoxide dismutase (SOD), catalase (CA T) and glutathione (GSH) (116, 120, 127). The anti-inflammatory effect of traditional Chinese medicine may be mediated by increasing the abundance of anti-inflammatory bacteria Akkermania, Parabolides, Lactobacillus, Bacteroides and Blautia (141, 151).



5.3 SCFAs

TCM affects T2DM and NAFLD by affecting the abundance of SCFAs producing bacteria and the metabolism of SCFAs. SCFAs (acetate, propionate and butyrate) are produced by selective fermentation of intestinal microorganisms (154). Acetate participates in host energy metabolism by promoting the secretion of intestinal hormones (GLP-1 and PYY). Acetate is mainly produced by bifidobacteria and lactobacillus (155). Acetate can be converted to butyric acid by Firmicutes bacteria. Butyrate can protect the intestinal barrier and reduce inflammation (156). Clostridia, Bacteroides and Bifidobasteria are related to the production of butyric acid (157). Propionate is believed to reduce fat production, and serum cholesterol level has a beneficial effect on disorders of lipid metabolism (158). Green Tea Polyphenols increased the levels of acetic acid and butyric acid, which may be related to the increase of Clostridium populati, Blautia luti, Akkermania muciniphila and Thiothrix unzii (125). The increase of SCFAs content in Pueraria lobata star may be due to the increase of the content of Lactobacillus, Bifidobacterium and Turicibacte (135). Using Inulin in NAFLD treatment, it was found that SCFAs were positively correlated with Bacteroidetes, Akkermania and Bifidobasterium, and negatively correlated with Proteobasteria, Blautia and Ileiberium (122). In addition, the study also found that ginsenoside Rg1 can increase Lachnospiracea_ NK4A136_ The proportion of group, Roseburia and Romboutsia increases the content of SCFAs (98).



5.4 Bile acid metabolism

Bile acid metabolism, as an important part of the body’s regulation of glucose and lipid metabolism, is mainly mediated by G-protein coupled BA receptor (TGR5) and nuclear receptor Farni X receptor (FXR) (159). TGR5 is expressed in intestinal epithelial cells. The activation of TGR5 is conducive to the renewal of intestinal epithelial cells and the repair of intestinal barrier function (160). Cholesterol - 7 α- Hydroxylase (CYP7A1) is the rate limiting enzyme for converting cholesterol into BA (161). The changes of intestinal flora involved in bile acid metabolism mainly include bile salt hydrolase (BSH) and α- Dehydroxylated genera decreased and taurine metabolism related genera increased (137). Radix Scutellariae, Cinnamaldehyde, Astragaloside IV, Morchella esculenta mushroom polysaccharide, Nuciferine and Simiao Wan can all improve glycolipid disorder through bile acid metabolism. Detailed mechanisms are shown in 
Tables 1
 and 
2
.




6 Conclusion and prospect

Traditional Chinese medicine has the potential to treat metabolic diseases such as diabetes and non-alcoholic fatty liver. Reshaping intestinal flora and regulating intestinal microbial metabolism is the key for traditional Chinese medicine to play a therapeutic role. at the same time, intestinal flora also provides a new opportunity to clarify the mechanism of traditional Chinese medicine in the treatment of diseases. The main mechanisms of traditional Chinese medicine include: improving the proportion of thick-walled bacteria and Bacteroides, increasing dominant flora and reducing harmful flora; regulating intestinal microbial metabolites such as short-chain fatty acids and bile acids; and restoring intestinal barrier. Increase the expression of tight junction proteins and reduce the level of inflammatory factors. It can be seen that maintaining the stability of intestinal microecology is of great significance to human health. The intestinal microecology is stable and healthy, and the destruction of intestinal microecology leads to the occurrence of disease. Lactobacillus acidophilus, Streptococcus thermophilus, Lactobacillus bulgaricus and/or Bifidobacterium can improve blood glucose levels in patients with diabetes. It can be inferred that dietary fiber, probiotics and probiotics are beneficial to the recovery of the disease. In addition, fecal microorganism transplantation has therapeutic potential in chronic inflammation, functional bowel disease, insulin resistance and morbid obesity. Herbs can be used as a treasure trove of potential probiotics for more in-depth research.
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Diabetic kidney disease (DKD) is one of the major microvascular complications of diabetes mellitus and is also one of the serious risk factors in cardiovascular events, end-stage renal disease, and mortality. DKD is associated with the diversified, compositional, and functional alterations of gut microbiota. The interaction between gut microbiota and host is mainly achieved through metabolites, which are small molecules produced by microbial metabolism from exogenous dietary substrates and endogenous host compounds. The gut microbiota plays a critical role in the pathogenesis of DKD by producing multitudinous metabolites. Nevertheless, detailed mechanisms of gut microbiota and its metabolites involved in the occurrence and development of DKD have not been completely elucidated. This review summarizes the specific classes of gut microbiota-derived metabolites, aims to explore the molecular mechanisms of gut microbiota in DKD pathophysiology and progression, recognizes biomarkers for the screening, diagnosis, and prognosis of DKD, as well as provides novel therapeutic strategies for DKD.
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Introduction

Diabetic kidney disease (DKD) is a pivotal complication of diabetes mellitus and significantly increases the risk of cardiovascular disease and end-stage renal disease (ESRD), that ultimately results in dialysis or high-mortality and economic burdens (1). The increased number of DKD and ESRD is partially attributed to lifestyle and dietary habits associated with diabetes and hypertension (2). Management and treatment strategy of patients with DKD includes controlling blood glucose, blood lipid, and blood pressure as well as blockade of the renin-angiotensin system (RAS); however, the risk of DKD still remains to be high (3) indicating the presence of unrecognized factors and mechanisms involved. The occurrence and progression of DKD is correlated to the interaction between gene and environment (4). Despite that hyperglycemia-induced metabolic alterations, hemodynamics changes, RAS activation, podocyte injury or loss, epithelial dysfunction, inflammation, and immunoreaction contributed to disease progression, specific molecular mechanisms and pathogenesis need to be explored (5).

The gut microbiota is powerful for maintaining host internal environmental homeostasis. For one thing, microbiome prevents infection caused by pathogens, promotes the digestion and absorption of nutrients, and synthesizes essential vitamins and amino acids (6). For another thing, it exerts an anti-inflammatory function (6), regulates fat metabolism (7), and participates in immune system development (8). And thirdly, gut microbiota-derived metabolites such as short-chain fatty acids (SCFAs), bile acids (BAs), lipopolysaccharide (LPS), and trimethylamine N-oxide (TMAO) are essential mediators of microbial-host crosstalk by interacting with host environment (9). The diversified, compositional, and functional alterations of gut microbiome are termed dysbiosis (10), which leads to a reduction in SCFAs and an increase in uremic toxins, activation of RAS, inflammation, and aggravated immune response. Nonetheless, specific mechanisms by which gut microbiota affects DKD have not been fully elucidated. This review summarized the role of gut microbiota and its metabolites in DKD, discussed underlying mechanisms of gut microbiota involved in DKD progression, and explored its potentials in DKD management and treatment.



Gut microbiota and its metabolites


Gut microbiota

The human gastrointestinal tract possesses a plentiful microbial community which collects approximately 100 trillion microorganisms, including bacteria, fungi, viruses, phages, and archaea (11). Commonly, the gut microbiota is comprised of 6 phyla incorporating with Bacteroidetes, Frimicutes, Verrucomicrobia, Proteobacteria, Actinobacteria, and Fusobacteria, in which Bacteroidetes and Frimicutes are the majority components (12). The stability of intestinal microbiota is closely related to host health and disease. What is more, gut microbiota is symbiotic with the host and participates in a variety of physiological activities, such as fermenting food, resisting pathogens and regulating immune function (13). The gut microbiota contributes to host physiology by producing a multitude of metabolites (14) (Figure 1). Numerous metabolites derived from gut microbiota fermentation are vital factors in host-microbiota cross-talk and have been shown to be correlated with kidney function.




Figure 1 | Gut microbiota-derived metabolites.



16S rDNA, metagenomics, and mass spectrometry can be utilized to explore the diversity, composition, and function of gut microbiota as well as microbiota-related serum metabolites in patients with DKD. Interaction studies between plasma metabolomics and gut microbiome in experimental DKD mouse/rat model provided evidence for the gut-metabolism-kidney axis, and verified the involvement of gut microbiota and circulating metabolites in DKD progression (15, 16). DKD patients displayed dysbiosis with composition, richness and diversity in gut microbiota (17–19). Roseburia intestinalis was significantly decreased while Bacteroides stercoris was increased in DKD patients (20). Furthermore, studies in early DKD caused by type 1 diabetes indicated that differences in gut microbiota and serum metabolite profiles were dependent on albuminuria levels (21). Several studies also revealed diversity and species differences in gut microbiota between DKD patients and non-DKD patients (22–24).



SCFAs

SCFAs are produced by the fermentation of polysaccharides with the assistance of gut microbiota and are the main source of nutrition for colon epithelial cells. Acetate, propionate, and butyrate generated from the bacterial fermentation of dietary fiber are the predominant SCFAs (25). SCFAs have been shown to inhibit the activity of histone deacetylase (HDAC) and involve in G protein-coupled receptors (GPRs) mediated signaling pathway (26, 27). SCFAs can bind to GPRs such as GPR41, GPR43, GPR109A, and olfactory receptors (Olfr) 78, and then were absorbed into system circulation after reaching distant tissues. Furthermore, SCFAs were demonstrated to participate in the sustainment of intestinal barrier integrity (28), enhance glucose and lipid metabolism, restraint energy expenditure (29), and modulate immunoreaction and inflammatory responses (30). The reduction of SCFAs-producing bacteria as well as low serum and fecal SCFAs level may be correlated with kidney injury (31–33). Butyrate was reported to improve the intestinal barrier function by promoting the production of colonic mucin and tight junction proteins (ZO-1) (34). It could also mitigate oxidative stress, inflammation, and fibrosis in kidney disease through GPRs or HDAC (35–37). Serum valerate and caproate levels were negatively correlated with the progression of DKD to ESRD (38). It has been shown that acetate mediated the dysregulation of cholesterol homeostasis by activation of GPR43, thereby contributing to the tubulointerstitial injury of DKD (39).



Bile acids

BAs are synthesized from cholesterol in the hepatocytes and participates in the absorption of lipid as well as metabolic or inflammatory signaling pathways (40). The primary BAs including chenodeoxycholic acid (CDCA) and cholic acid (CA), are indispensable for lipid and vitamin digestion and absorption by conjugating to glycine or taurine (41). Primary BAs could transform and decompose into secondary BAs via gut microbiota. The gut microbiota modulates BA metabolism process through deconjugation, dehydrogenation, and dihydroxylation of primary BAs (42). Additionally, the synthesis of BAs is influenced by cholesterol 7α-hydroxylase (CYP7A1) and sterol 27-hydroxylase (CYP27A1) regulating via gut microbiota (14). BAs are ligands for G protein-coupled bile acid receptor (TGR5) and nuclear hormone receptor farnesoid X receptor (FXR). Moreover, the profiles of BAs and gut microbiota influence each other. BAs could alter the composition of intestinal microbiota. Conversely, microbiota modulates the size and composition of the BA pool as well as BA signaling (43). BAs combine with TGR5 to improve insulin sensitivity via glucagon-like peptide-1 (GLP-1) and regulate energy expenditure in muscle or brown adipose tissue (44). The activation of FXR decreases lipogenesis and hepatic gluconeogenesis, and inhibits bacterial overgrowth and translocation by producing antimicrobial peptides (45). FXR and TGR5 play a renal protective role in diabetes and obesity-related kidney disease by regulating renal signaling pathways (46). Gentiopicroside inhibits the NF-κB signaling pathway via TGR5 activation, thereby alleviating inflammation and fibrosis in DKD (47).



Tryptophan

An essential aromatic amino-acid, tryptophan, generally originates from daily diet such as fish, milk, oats, cheese. Besides the synthesis of proteins, dietary tryptophan could act as a precursor of critical metabolites including kynurenine, serotonin, indole, and its derivatives (48). Kynurenine, a tryptophan-derived metabolite produced by tryptophan 2,3-dioxygenase and indoleamine (2, 3)-dioxygenase, is correlated with kidney function (49, 50). Tryptophan is decomposed by bacterial tryptophanase into indole, which is a compound responsible for intercellular signal transduction, participating in the gene expression of intestinal epithelium connections and anti-inflammatory factors in intestinal epithelial cells, as well as maintaining host-microbiota homeostasis on the mucosa surface (51). As downstream critical metabolites, 3-(2-Hydroxyethyl) indole, 3-methylindole, and indoleacrylic acid were downregulated in the DKD model and were reinstated after treatment with Tangshen Formula (15). Some compounds produced by tryptophan metabolism are ligands for the aryl hydrocarbon receptor (AhR) and could induce AhR conformational changes. Moreover, these compounds are involved in the gene expression of pro-inflammatory factors, the metabolism of cytochrome P450 (CYP) superfamily CYP1A1, CYP1A2, CYP1B1 and cyclooxygenase-2 (COX-2), or the degradation of selective proteins (52). The deficient activation of AhR pathway could reduce the production of GLP-1 and interleukin (IL)-22, increase intestinal permeability and LPS translocation, which contribute to inflammation and insulin resistance (53). Based on the combined analysis of gut microbiota, serum metabolites and clinical indicators in DKD patients, phenylalanine and tryptophan metabolic pathways were demonstrated to be associated with the progression of DKD (54).



Other metabolites

Branched-chain amino acids (BCAAs) are essential amino-acids synthesized by gut microbiota, including valine, isoleucine, and leucine. BCAAs modulate protein synthesis, glucose/lipid metabolism, insulin resistance, and immunity, as well as maintain homeostasis (55). Polyamines, such as spermine, putrescine, polyamine oxidase and acrolein, are participated in the development of kidney disease by altering the metabolism of intestinal microbiota (56). The dysbiosis of gut microbiota promotes the production of bacteria-derived uremic toxins, such as indoxyl sulfate (IS), endotoxin, TMAO, and p-cresyl sulfate (PCS), which increase intestinal permeability and transfer into the systemic circulation through the damaged intestinal barrier. Accumulation of uremic toxins in kidneys could lead to kidney dysfunction (57). TMAO, a gut microbiota-derived metabolite, was associated with mortality and renal outcome in type 1 diabetes (58). Higher serum TMAO levels increased the risk of abdominal aortic venture in hemodialysis patients (59). Phenyl sulfate (PS) contributed to podocyte damage and albuminuria and was shown to be related to the progression of DKD (60). Imidazole propionate, a metabolite produced by the breakdown of histidine via gut microbiota, was increased in type 2 diabetes, affecting host inflammation and metabolism (61). Both PS and TMAO could be involved in the development of DKD through a secretory associated senescence phenotype and chronic low-grade inflammation (62). IS and PCS contributed to the nephrology and cardiovascular toxicities via the activation of inflammation and oxidative stress (63). Additionally, several uremic toxins such as urea, TMAO, PCS, and 3-carboxylic acid 4-methyl-5-propyl-2-furan propionic (CMPF) were associated with glucose homeostasis abnormalities and diabetes incidence (64). The dysbiosis of Gram-negative bacteria and increased LPS level were detected in type 2 diabetes related DKD (65).




Gut microbiota-related factors in DKD progression


Insulin resistance

DKD originates from metabolic dysregulation including hyperglycemia, hyperlipidemia, and insulin resistance (4). Hyperglycemia increases the generation of advanced glycation end products. The variance in insulin levels and insulin resistance might be a significant factor in DKD. Severe albuminuria and glomerulosclerosis were occurred in animals with complete deletion of podocyte insulin receptor (66). The dysbiosis of gut microbiota is linked to insulin resistance (67, 68) (Figure 2). A few species of microbiota, especially Prevotella copri and Bacteroides vulgatus are associated with insulin resistance and then impact host metabolism (69). Gut commensal Bacteroides acidifaciens could improve insulin sensitivity and may have therapeutic potential for diabetes and obesity (70). Microbiota depletion such as antibiotic-treated or germ-free mice could enhance insulin sensitivity and glucose tolerance (71). Podocyte insulin resistance caused podocyte injury and led to albuminuria in early DKD. Dysregulated GPR43 by gut microbiota dysbiosis resulted in podocyte insulin resistance through the inhibition of adenosine monophosphate-activated protein kinase (AMPK)-α activity (72). Butyrate enhanced AMPK phosphorylation and increased GLP-1 secretion, thereby alleviating insulin resistance and renal failure (34). Imidazole propionate, a microbial histidine-derived metabolite, may contribute to insulin resistance through activation of mechanistic target of rapamycin complex1 (mTORC1) (73).




Figure 2 | Gut microbiota-related factors in the progression of diabetic kidney disease.





RAS

RAS is critical in the pathogenesis and progression of DKD. Moreover, local RAS might play a greater role than the circulating RAS (74). The secretion of renin in the juxtaglomerular apparatus plays an important role in the activation of intrarenal RAS by hyperglycemia. Olfr78 expressed in the renal juxtaglomerular afferent arteriole responded to signals from intestinal microbiota by mediating renin secretion, after that SCFAs could modulate blood pressure through Olfr78 and GPR41 (75). Succinate accumulated in the distal nephron-collecting duct, and activation of GPR91 responded to hyperglycemia through the stored (pro)renin and provoked tissue injury in DKD (76). The activation of intrarenal RAS by gut microbiota dysbiosis-derived excessive acetate was involved in the kidney injury of early DKD (77). Gut microbiota could promote angiotensin II (Ang II)-induced vascular dysfunction and hypertension by facilitating CCL2/IL-17-driven vascular immune cell infiltration and inflammation (78). Conversely, butyrate exerted an improvement for Ang II-induced renal injury and an antihypertension action by attenuating expression of (pro)renin receptor and renin as well as suppressing the (pro)renin receptor-mediated intrarenal RAS (79). During the fermentation of probiotics, angiotensin converting enzyme (ACE) inhibitory peptide and renin inhibitory peptide could be released, which are beneficial for lowering blood pressure (80, 81). In addition, ACE2 was associated with tryptophan metabolism and was sensitive to intestinal inflammation (82). A few uremic toxins such as IS and PCS are important stimulator of local RAS. Moreover, the inhibition of RAS ameliorated IS and PCS induced renal fibrosis (83).



Inflammation

Inflammation accompanies the pathogenesis and progression of DKD whereas anti-inflammatory therapies might be beneficial for alleviating renal damage in DKD. Several inflammatory pathways participate in the complicated molecular networks and processes in DKD, including chemokines (CCL2, CX3CL1 and CCL5), inflammatory cytokines (IL-1, IL-6, IL-18), adhesion molecules, E-selectin, α-actinin 4, transcription factor nuclear factor-kappa B (NF-κB), and tumor necrosis factor (84). The initial stage of the inflammatory response to injury or metabolic dysfunction involves the release of proinflammatory mediators and the recruitment of leukocytes. Therefore, targeting inflammatory-resolution pathways might contribute to impede the progression of DKD (85). SCFAs could be involved in the modulation of pro-inflammatory and anti-inflammatory responses by inhibiting HDAC directly and binding GPRs indirectly (86). SCFAs produced by dietary fiber fermentation decreased the expression of inflammatory cytokines, chemokines, and fibrosis-promoting proteins in experimental DKD, thereby reducing albuminuria, glomerular hypertrophy, podocyte injury, and interstitial fibrosis. Moreover, this process required the involvement of GPR43 or GPR109A (87). Host/gut microbiota-derived tryptophan metabolites regulated AhR and then affected oxidative stress and inflammation in DKD (88). TMAO and PS accelerated kidney inflammation and fibrosis, resulting in development of DKD (60, 89). LPS, combined with toll-like receptors (TLRs) TLR2 and TLR4, participated in the inflammatory process of DKD through NF-κB activation and pro-inflammatory cytokines release, leading to the renal injury (90). Obesity enhanced intestinal permeability and chronic low-grade inflammation by inducing gut microbiota dysbiosis, ultimately causing the exasperation of DKD (91)



Immunity

The activation of innate immunity through immune cells and resident renal cells contributed to the initiation and maintenance of inflammation (92). TLRs induced sterile tubulointerstitial inflammatory responses via NF-κB signaling pathway. The nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3 (NLRP3) inflammasome were associated with the connection of metabolic stress and pro-inflammatory cascades by inducing IL-1β and IL-18. The kallikrein-kinin system contributed to inflammatory progression by generating bradykinin and activating bradykinin receptors. Furthermore, coagulation enzymes promoted the activation of protease-activated receptors on kidney cells, leading to renal inflammation and fibrosis in DKD. Gut microbiota plays a significant role in maintaining host homeostasis as well as in modulating immune system (93). There have several studies characterizing the complex interaction between DKD, microbes and its metabolites, and immune responses. The microbiota colonized the intestinal tract after birth and regulated the antigenic responsiveness of lymphatic tissue (94). With the involvement of gut microbiota, the intestinal immune system started to build up and to be matured gradually. The dysbiosis of gut microbiota attracted immune cell activation and proinflammatory factors secretion, which led to immune dysregulation and inflammation (95). Mitochondrial antiviral signaling protein (MAVS), a component of innate immunity, was involved in maintaining intestinal integrity and barrier function. Damaged MAVS was conducive to the disrupted intestinal homeostasis, contributing to DKD progression (96). Microbiome-host interactions cooperatively maintained microbial community stability through metabolite-mediated innate immune modulation. What’s more, metabolites could influence the host’s immune homeostasis (97). Gut microbiota-derived metabolites passed through the intestinal barrier, accumulated in the circulation, recognized by immune system, and performed functions through gut-microbiome-immune axis (98). Bacteroids-derived SCFAs contributed to the activation of immune system by promoting neutrophil chemotaxis and inducing differentiation and proliferation of natural killer cells and Tregs (99).




Management and treatment options for gut microbiota in DKD


Clinical drugs

Various kinds of drug may alleviate DKD by affecting intestinal microbiota. Metformin was shown to contribute to several SCFAs-producing microbiota and increase the production of butyrate and propionate, thus participating in glucose homeostasis (100). Sodium-glucose cotransporter 2 inhibitor, as emerging antidiabetic drugs including empagliflozin, canagliflozin and dapagliflozin, restored the diversity of gut microbiota in experimental DKD mouse model. Moreover, reduced LPS production and increased SCFAs production by regulating the microbiota were observed in patients after inhibition of SGLT2 (101–103). Pirfenidone treatment increased gut microbial diversity in diabetic mouse model and reversed gut microbial dysbiosis and diabetic ketoacidosis biomarkers (104). Magnesium lithospermate B was found to ameliorate kidney injury by modulating gut microbiome dysbiosis and BAs metabolism (105). Abundant polysaccharides are beneficial for DKD. Polysaccharide from Armillariella tabescens mycelia, Cordyceps cicadae polysaccharide, and Bupleurum polysaccharide were demonstrated to modulate gut microbiota dysbiosis and inflammatory response (106–108). Traditional Chinese medicine such as Zicuiyin (109), Moutan Cortex polysaccharide (110), QiDiTangShen granules (111), Shenyan Kangfu tablet (112), and Tangshen Formula (113), have been used clinically to treat DKD. They had a significant curative role in regulating gut microbiota, eliminating intestinal toxins, inhibiting renal inflammation and immunity, alleviating renal injury, and protecting kidney function.



Dietary intervention

Diet is fundamental to support human growth, health, and reproduction. Furthermore, diet was also shown to modulate and maintain the symbiotic gut microbiota communities colonized the intestinal tract (114). Under multiple host-containing endogenous and exogenous factors, diet becomes a pivotal determinant of the structure and function in gut microbiota (115) (Figure 3). The latest review regarding the effect of dietary nutrient intake on gut microbiota indicated that diet-microbiota crosstalk and personalized nutrition strategies are associated with chronic kidney disease progression (116). Moreover, the variation in dietary protein sources affected the gut microbiota, microbiota-derived metabolites, immune cell activation, and production of inflammatory cytokines (117). Studies from human population with different diets showed that Bacteroides was enriched in a protein-rich diets while Prevotella was enriched in a carbohydrate-based diets (118). Whole-plant fibers from fresh vegetables contained a lot of necessary micronutrients compared with highly processed fibers or fibers from seed coats (119). Plant-based low-protein diets seemingly contributed to postpone kidney replacement therapy by disturbing RAS, reducing proteinuria, and decreasing insulin resistance (120). Fermented and germinated foxtail millet whole grain diet raised the bacterial diversity especially probiotics, thereby ameliorating kidney injury in experimental DKD mouse model through inhibition of inflammation and immunity signaling pathways (121). A high linolenic acid diet aggravated gut microbiota dysbiosis and inflammatory responses in diabetes mouse model. Conversely, a low n-6/n-3 ratio diet improved glucose homeostasis, inhibited systematic inflammation, and ameliorated DKD (122). Punicalagin from pomegranates, a prospective bioactive polyphenol, was shown to alleviate diabetic kidney injury through gut-kidney axis (123).




Figure 3 | The management and therapeutic strategies of diabetic kidney disease based on gut microbiota.





Probiotics and synbiotics

Probiotics contain live microorganisms that can change composition of microbiota and are supposed to provide health benefits to host (124). Synbiotics, a mixture comprising live microorganisms and substrates selectively utilized by host microorganisms confer a health benefit on the host (125) (Table 1). Probiotic and synbiotic supplementation, such as Lactobacillus acidophilus, Lactobacillus casei and Bifidobacterium bifidum, had beneficial effects on blood glucose and intestinal imbalance, production of uremic toxins, and inflammation or oxidative stress in diabetic hemodialysis patients (126–128). Furthermore, probiotics could ameliorate insulin resistance, stabilize fasting blood glucose levels, and improve antioxidant status (90, 129). Addition of probiotics such as Lactobacillus acidophilus, Streptococcus thermophilus and Bifidobacterium longum reduced the blood urea nitrogen level and uric acid concentration in patients with stage 3 and stage 4 chronic kidney disease (130, 131). Systematic review and meta-analysis demonstrated that probiotics might ameliorate high sensitivity-C reactive protein and oxidative stress biomarkers, as well as regulate lipid profile and anthropometric indices in DKD patients (132, 133).


Table 1 | Differences between probiotics, synbiotics, prebiotics, and postbiotics.





Prebiotics and postbiotics

Prebiotics such as noncarbohydrate food components, are substrates that are selectively used by host microorganisms for health benefits (134). The supplementation of prebiotics in daily dietary could exterminate pathogens, facilitate the growth of beneficial microorganisms, and regulate host intestinal microbiota (135). Moreover, prebiotic supplements might increase SCFAs levels (notably butyrate), restore intestinal barrier function, and relieve inflammatory response (136). Fructooligosaccharides could alleviate pathological changes in diabetes related kidney disease (137). Inulin-type fructans, a type of dietary fiber, was demonstrated to improve kidney diseases via modulating gut microbiota and SCFAs profile (138). Additionally, inulin-type fructans also decreased insulin resistance, serum insulin and fasting blood glucose levels, and increased fasting serum GLP-1 level in diabetes rats (139, 140). Resistant starch is a prebiotic compound that accelerates proliferation of health-promoting gut microbiota such as Bifidobacteria and Lactobacilli, increases the production of SCFAs, decreases the concentrations of uremic toxins and alleviates renal dysfunction (141). Postbiotics, defined as “preparation of inanimate microorganisms and/or their components that confers a health benefit on the host” in 2019 (142), have appeared increasingly in the literature and products; however, their effects on DKD are insufficient in research. Postbiotics exert immunomodulatory and intestinal barrier protective roles by increasing anti-inflammatory cytokine secretion and ZO-1 expression (143). Postbiotic-GABA-salt, spirulina formulations, sonicated Lactobacillus paracasei and O. formigenes lysates contribute to improve renal outcomes (144, 145).



Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is a treatment in which the microbial community from a healthy donor’s stool was minimally transplanted into the patient’s intestinal tract (146). FMT is implemented with the purpose of restoring normal function of the gut microbiota and has generally been adapted into treatment for Clostridium difficile infection (147). Faecal microbiota is separated cautiously from selected donor’s stool, quantified in accordance with viable bacteria, and cryopreservation (148). Transplantable materials can be delivered in the form of encapsulated oral medication (149). As a true organ, gut microbiota is indispensable to human pathophysiology, suggesting that FMT might be an advantageous treatment for problems with metabolism, autoimmunity, and system development (150). Body weight gain, insulin resistance, albuminuria, and tumor necrosis factor-α levels in experimental DKD mouse model could be prevented by FMT (151). After six weeks post-FMT using stool derived from lean donors, the peripheral insulin sensitivity was significantly improved in male patients with metabolic syndrome, although the result was not sustained in following few weeks (152). Another double blind randomized controlled trial demonstrated that TMAO or proxies of vascular inflammation was undifferentiated in patients with metabolic syndrome received FMT from either lean donors or autologous (153). Hence, abundant experiments are needed to explore these potential therapeutic indications.




Conclusion and perspective

The pathogenesis and pathophysiology of DKD incorporate not only hyperglycemia-induced metabolic alterations, hemodynamics changes, RAS activation, podocyte injury or loss, epithelial dysfunction, inflammation, and immune dysregulation, but also the influences of environmental factors and interactions between host and gut microbiota as well as its metabolites. Gut microbiota is associated with kidney disease, confirming the presence of gut-kidney axis through the involvement of genetic, immunity and dietary approaches. The gut microbiota participates in host homeostasis by producing a myriad of metabolites, which act ss key signaling molecules and substrates for metabolic reactions. The combination of metagenomics and metabolomics could help to investigate the relationship between dysbiosis of gut microbiota and metabolic disorders. Nonetheless, there are still complexities to overcome in identifying the potential causality of some metabolites from fully microbiota-derived or diet and host itself. High-quality microbiome analysis workflow is important to obtain reliable and repeatable results (154).

Dietary intervention, probiotics, synbiotics, and prebiotics are widely acceptable to patients in relative safety and traditional concept. However, various intestinal bacteria and metabolites have heterogeneous effects on host, some of which are beneficial to human health and others contribute to pathophysiology of diseases. Hence, it is necessary to investigate the signals and effects mediated by different bacteria and metabolites as well as reasonable application of bacteria community in the treatment strategies. Gut Microbiota-derived metabolites could act as biomarkers of DKD. Identification of biomarkers for screening, diagnosis, and prognosis of DKD as well as exploration of molecular mechanisms or pathways involved in DKD can facilitate individualized prevention and treatment. However, further studies involving human trials are needed to investigate the beneficial role of prebiotics, probiotics, synbiotics or FMT in DKD management by regulating gut microbiota. The therapeutic strategy targeting intestinal microbiota has prodigious potential in the future and will open an emerging perspective and orientation for DKD treatment.
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Purpose

We aim to investigate the effect of sustained hyperglycemia on corneal epithelial wound healing, ocular surface and systemic immune response, and microbiome indices in diabetic mice compared to controls after alkaline chemical injury of the eye.



Methods

Corneal alkaline injury was induced in the right eye of Ins2Akita (Akita) mice and wild-type mice. The groups were observed at baseline and subsequently days 0, 3, and 7 after injury. Corneal re-epithelialization was observed under slit lamp with fluorescein staining using a cobalt blue light filter. Enucleated cornea specimens were compared at baseline and after injury for changes in cornea thickness under hematoxylin and eosin staining. Tear cytokine and growth factor levels were measured using protein microarray assay and compared between groups and time points. Flow cytometry was conducted on peripheral blood and ocular surface samples to determine CD3+CD4+ cell count. Fecal samples were collected, and gut microbiota composition and diversity pattern were measured using shotgun sequencing.



Results

Akita mice had significantly delayed corneal wound healing compared to controls. This was associated with a reduction in tear levels of vascular endothelial growth factor A, angiopoietin 2, and insulin growth factor 1 on days 0, 3, and 7 after injury. Furthermore, there was a distinct lack of upregulation of peripheral blood and ocular surface CD3+CD4+ cell counts in response to injury in Akita mice compared to controls. This was associated with a reduction in intestinal microbiome diversity indices in Akita mice compared to controls after injury. Specifically, there was a lower abundance of Firmicutes bacterium M10-2 in Akita mice compared to controls after injury.



Conclusion

In diabetic mice, impaired cornea wound healing was associated with an inability to mount systemic and local immune response to ocular chemical injury. Baseline and post-injury differences in intestinal microbial diversity and abundance patterns between diabetic mice and controls may potentially play a role in this altered response.
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1 Introduction

Diabetes mellitus (DM) is a significant health problem worldwide. It is associated with sight-threatening ocular complications and represents the most common causes of blindness in working age populations. Apart from retinal diseases, corneal disease is another major complication of DM, affecting up to 70% of all diabetic patients (1, 2). Clinically, diabetic keratopathy is characterized by an impaired cornea epithelial wound healing response, which leads to higher risks of recurrent cornea erosion syndrome, infectious keratitis, sterile corneal ulcers, and ultimately corneal blindness due to scarring. The clinical manifestations of diabetic keratopathy can be explained by the detrimental effect of sustained hyperglycemia on the cornea, resulting in reduced secretion of growth factors on the ocular surface during corneal injury, damaged corneal sub-basal nerves with loss of reduced levels of neurotrophic factor, and increased apoptosis of cornea epithelial cell (3, 4). Despite major leaps in our understanding of the pathogenesis of diabetic keratopathy in the past decade, there remains a lack of therapeutic strategies in clinical practice. While published in vivo and in vitro studies have examined the use of topical therapeutic agents, including substance P (5) and aloe vera (6), in diabetic cornea disorders, there is still a need to explore glucose-independent systemic therapies that may have ameliorated long-term complications of diabetes across multiple body systems.

With the advent of next-generation deep sequencing in metagenomics over the last two decades, we now understand the importance of gut microbiome in the development and programming of host metabolism and immunity (7). From new evidence gathered, the composition of our gut microbiome plays an important role in the development of autoimmune diseases, including demyelinating disease, inflammatory bowel disease (IBD), and autoimmune uveitis (8). The gut microbiome reportedly acts a key mediator in balancing the immune response between the anti-inflammatory regulatory T (Treg) cells and the pro-inflammatory helper T (Th) 17 cells at the mucosal surface (9–13). Recent interest has been focused on the metabolic effects of gut commensals, particularly in their role in the development of obesity, insulin resistance, and metabolic syndrome. Researchers discovered that high-fat diets were associated with particular detrimental patterns of intestinal microbiota, termed dysbiosis (14). This conferred a pro-metabolic syndrome state to the host, who subsequently developed obese and insulin-resistant clinical phenotypes. These metabolic effects could be transferred to healthy lean individuals through fecal transplantation techniques to give rise to a similar pro-insulin resistant state. Thus, the intestinal microbiome may be an important lever for manipulation in the management of metabolic syndrome and type 2 diabetes. Considering the potential of the gut microbiome to alter both host metabolism and immunity concurrently, it is important to point out that diabetic patients have been shown to have altered intestinal T-cell immunity, potentially as a result of endotoxemia (15). Thus, the development of microvascular complications, e.g., diabetic keratopathy, and the altered immune response in diabetic patients may be potentially correlated with the altered gut microbiome composition in diabetics.

To further investigate this relationship between gut microbiome, immunity, and complications in diabetics, we employed a diabetic cornea wound healing model in rodents. We used a controlled alkaline burn injury of consistent concentration, exposure time, and surface area on the corneas of heterozygous Akita mice. Wild-type mice were used as controls. Chemical injury was selected as a method of insult as it creates a cornea epithelial wound and induces an inflammatory response on the ocular surface, thereby allowing us to investigate both corneal epithelial wound healing and ocular surface immunity (16–18).



2 Methodology


2.1 Breeding and selection of heterozygous Akita mice

Mice heterozygous for the Akita spontaneous mutation (Ins2Akita) were used in experiments. This is a model of type I diabetes, with heterozygous Akita mice developing hyperglycemia, hypo-insulinemia, polydipsia, and polyuria starting at 3–4 weeks of age (19). Wild-type (WT) female and heterozygous Akita male mice aged 8–12 weeks were used for mouse breeding. The animals were kept in a temperature-controlled animal room subjected to a 12-h light/12-h dark cycle provided with water supply and sufficient food. All the animal care and experimental procedures conformed to the Association of Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR, 4696-18) of the University of Hong Kong. Blood glucose was initially measured when the mice reached 5 weeks of age to determine whether the offspring phenotype was Akita or WT.



2.2 Blood glucose measurement

Sufficient amount of blood sample (~5 μl) was collected from the saphenous vein. Briefly, hair around the saphenous vein was removed and a puncture is made to obtain a sufficient blood sample with a capillary tube. A blood glucose test strip together with a blood glucose meter (Contour plus) was used to conduct the measurement. Hemostasis was achieved by applying gentle pressure with a sterile cotton bud to the puncture wound. Blood glucose was measured at 5 weeks after birth in order to identify Akita mice and WT mice, and was further determined at day 0, day 3, and day 7 after alkaline injury of the cornea, as previously described (19).



2.3 Induction of corneal alkaline injury

To induce chemical injury, an alkaline burn was conducted on the mouse cornea. For general anesthesia, the animal will receive intraperitoneal injection of ketamine (0.6 mg/100 μl/10 g body wt) and xylazine (0.15 mg/100 μl/10 g body wt). Local analgesic was applied on the mouse cornea prior to the injury. A 1.5-mm-diameter filter paper was soaked with 0.1 M NaOH and covered the center of the cornea for 10 s. Then, the cornea and conjunctival sac were rinsed with filtered water for 30 s immediately. Antibiotics were applied to avoid infection. Corneal re-epithelialization was examined under a slit lamp with fluorescein stain at day 0, day 3, and day 7 after the injury, as previously described (20).



2.4 Hematoxylin and eosin staining

The excised corneas were immediately fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight. The corneas were then dehydrated with increased gradient of ethanol and finally with chloroform overnight. After that, the corneas were infiltrated with paraffin wax [Tissue PrepTM Embedding Media (Certified), Fisher Chemical] and embedded using the Shandon Histocentre2 Embedding Station, Midwest. Sagittal corneal sections with 5 μm thickness were prepared using a microtome (HM 315 Microtome, Microm). Sections were mounted on the positively charged microscope slides (Lab’IN Co) and dried. Corneal sections were deparaffinized and stained with hematoxylin for 30 s and eosin for 5 s. The sections were dehydrated and mounted with DPX mountant (06522, Sigma-Aldrich). Only central corneal sections were chosen for measuring corneal thickness, and the average of the two measurements was used for analysis, as previously described (20).



2.5 Tear protein microarray assay

Mouse tear samples were collected by placing a Schirmer’s strip at the mouse conjunctiva for 5 min. The wet part of the strip was cut off and the length was measured. The surface area of the cut-out pieces and the respective tear volume were calculated on ImageJ. The total protein concentration was measured with a Nanodrop. Total protein concentration was used as a normalization value and calculated all data points per total protein and generated Prism graphs (21). An unpaired t-test was conducted to compare the tear protein levels between WT and Akita samples, as well as between time points.



2.6 Flow cytometry

Peripheral blood was collected from the mouse tail vein with a restrainer. Blood (150 to 200 μl) was collected in 1.5-ml Eppendorf tubes containing EDTA. Red blood cells were lysed with Red Blood Cell lysis buffer and centrifuged at 250g for 5 min. Ocular surface samples were excised from the mice and were digested in collagenase at 37°C overnight. The cells were filtered with a 100-μm cell strainer. Then, the lymphocyte cells or ocular surface cell samples were washed three times with flow cytometry buffer (Invitrogen) and were incubated with rat anti-mouse CD4 antibody attached to FITC fluorophore and anti-mouse CD3 antibody (Invitrogen) attached to PE for 1 h. Then, the cells were washed three times with flow cytometry buffer for and then the samples were subjected to flow cytometry immediately. The flow cytometry was conducted with BD FACSCanto II (HKU core facility). Compensation was calculated by single-stain sample with FITC and PE. A CD3+CD4+ T-cell prevalence was obtained by FlowJo software for the diabetic and WT samples, as previously described (22).



2.7 Shotgun sequencing of intestinal microbiome

Mouse fecal samples were collected at baseline, day 3, and day 7 by putting the mice individually in single cages for 30 min. DNA samples were extracted, and microbiota species present in the sample were identified by shotgun sequencing followed by bioinformatic analysis using statistical and computational methods (23). Raw, unassembled reads were used as input and matched the sequence against reference databases of known bacteria, viruses, fungi, protists, and antibiotic resistance genes. Microbiota diversity pattern was presented by heat map and alpha diversity index.



2.8 Genotyping with polymerase chain reaction gel electrophoresis

Tail tips (1-3cm in length) were collected after the mice were sacrificed. The tips were cut into tiny pieces (approximately 2 mm in length). The DNA samples from each mouse was extracted from the samples, and polymerase chain reaction (PCR) was conducted for DNA amplification and measurement (19).



2.9 Statistical analysis

The data were presented as mean and standard deviation. A Pearson chi-squared test was used to compare differences in percentage of diabetic and WT mice healed at day 3 and day 7. An unpaired t-test was used to compare differences in blood glucose level, protein level in the tear sample, and alpha diversity pattern of intestinal microbiome and between WT and Akita mice; a paired t-test was performed to compare changes in tear protein concentration between baseline level and day 0, day 3, and day 7 after the injury. One-way ANOVA was used to analyze longitudinal changes of microbiota composition and tear protein level. When p < 0.05, the samples were considered significantly different. All statistical analyses were conducted using GraphPad Prism 9 (California, USA). Additionally, the gut microbiota diversity pattern was analyzed using the alpha diversity indices, Chao1, Simpson, and Shannon.




3 Results


3.1 Blood glucose measurement and genotyping of WT and Akita mice

Blood glucose was measured before induction of the corneal alkaline burn injury, at day 3 and day 7 after the injury, respectively. Compared to WT mice at baseline, Akita mice had a significantly higher blood glucose level (27.95 ± 1.446 mmol/L) compared to WT mice (11.42 ± 0.4621 mmol/L) at baseline as well as at day 3 (28.95 ± 1.522 mmol/L vs. 11.17 ± 1.477 mmol/L) and day 7 (28.09 ± 0.6987 mmol/L vs. 11.71 ± 0.3653 mmol/L) after injury (
Figure 1A
) (p < 0.001, n = 55). Additionally, genotyping was conducted with the genomic DNA of WT and Akita mice to confirm the presence of the mutated insulin 2 gene (Ins2) (
Figure 1B
).




Figure 1 | 
Result of blood glucose level monitoring of WT and Akita mice. (A) Result of blood glucose level monitoring of WT and Akita mice. (A) Blood glucose measurement at baseline, day 3, and day 7. Unpaired t-test shows that Akita mice have significantly higher blood glucose level as compared to WT mice at baseline (before injury), day 3, and day 7 after injury. (B) Confirmation of WT and Akita mice by genotyping with PCR gel electrophoresis;, two DNA strands of WT mice are both able to be digested by enzyme Fnu4HI while heterozygous Akita mice have one mutated DNA strand that cannot be digested; thus, one band is present in the lane containing WT mice DNA sample whereas two bands present in that containing Akita mice DNA samples (n = 50 in WT, n = 50 in Akita). ****p<0.0001.





3.2 Significantly delayed cornea epithelial wound healing after corneal alkaline injury in Akita mice compared to WT mice

Differences in degree of re-epithelialization between Akita mice and WT mice were compared with the help of fluorescein staining and examination under cobalt blue filter immediately after injury (day 0) as well as on day 3 and day 7 after injury. Fluorescein dye stained the de-epithelialized cornea surface. The representative photos of slit lamp examination showed that alkaline burn with 0.1 M NaOH and 10 s injury time induced significant cornea epithelial injury as indicated by the presence of green fluorescein under cobalt blue light (
Figure 2A-i, iv
) and the cornea opacity in the bright-field images (
Figure 2B-i, iv
). The presence of green fluorescein under cobalt blue light for Akita cornea was clearly visible till day 3 after injury (
Figure 2A-v
), whereas for WT mice, the green fluorescein was not present at day 3 after injury (
Figure 2A-ii
). The presence of corneal opacification was visible from the bright-field images for the cornea from Akita mouse (
Figure 2B-v
), whereas no opacification was visible since day 3 after injury for WT mice (
Figure 2B-ii, iii
).




Figure 2 | 
Wound healing analysis for WT and Akita mice with slit lamp images. (A) Injured cornea from WT and Akita mice at days 0, 3, and 7 after injury using 0.1 M NaOH and 10 s injury time, with fluorescein stain under cobalt blue light. Photos of the corneas taken immediately after injury showed significantly impaired corneal epithelium for both WT and Akita mice. (i, iv) The cornea from WT mouse was fully re-epithelized at day 3 after injury (ii); the cornea from Akita mouse was not fully re-epithelized at day 3 (v) and day 7 (vi) after injury. Magnification:40×. (B) Bright-field images of the right (injured) cornea from WT and Akita mice taken at day 0 (i, iv), day 3 (ii, v), and day 7 (iii, vi) after corneal alkaline injury (n = 55 in WT, n = 55 in Akita).




A chi-square test was performed to determine an association between the healing rate of corneal epithelium and the presence of sustained hyperglycemia. Contingency tables for the number and percentage of WT and Akita mice healed at day 3 and day 7, respectively, are as shown in 
Tables 1
 and 
2
. Results of the chi-square test analysis demonstrated that Akita mice exhibited significantly delayed wound healing compared to WT mice after corneal alkaline burn injury; i.e., at day 3 after the corneal alkali injury, significantly more WT mice (88.9%) had achieved complete corneal re-epithelialization than Akita mice (22.2%) (n = 9, p = 0.0044) (
Figure 3A
; 
Table 1
), proving that diabetes significantly impaired cornea wound healing.


Table 1 | 
Contingency table for Pearson chi-square test analysis of number and percentage (in brackets) of WT and Akita mice healed at day 3 after corneal alkaline injury (degrees of freedom = 1, significance level = 0.05).





Table 2 | 
Contingency table for Pearson chi-square test analysis of number and percentage (in brackets) of WT and Akita mice healed at day 7 after corneal alkaline injury (degrees of freedom = 1, significance level = 0.05).







Figure 3 | 
Percentage of diabetic and WT mice healed at day 3 after the corneal alkaline injury. (A) Pearson chi-squared test was performed (confidence level = 95% and p =0.0044, n = 9) and indicated that a significantly greater percentage of WT mice were healed than diabetic mice at day 3. (B) Pearson chi-squared test was performed and indicated no significant difference between the percentage of WT mice and diabetic mice healed at day 7 (p > 0.9999, n = 9 for both the WT and Akita groups). *p<0.05.




Furthermore, at day 7 after the corneal alkali injury, more WT mice (100%) had achieved complete corneal re-epithelialization than Akita mice (88.9%) (
Figure 3B
; 
Table 2
); however, this difference was not statistically significant (n = 9, p > 0.9999).

Slit lamp images of corneas from the left uninjured eye of the mice showed that no impairment was present at baseline, day 3, and day 7 after injury of the corneas from the right eyes for both WT and Akita mice. Bright-field images showed transparent corneas with no epithelial defect for all corneas (
Supplementary Figure 1A
), whereas fluorescein stain under cobalt blue light indicated that the cornea showed no absorption of the dye, meaning that the corneas were intact (
Supplementary Figure 1B
)

To further characterize the effectiveness of the mouse corneal alkaline burn model, hematoxylin and eosin (H&E) staining was conducted on corneal sections, and there was a significantly reduced corneal epithelium thickness between the injury and control group (n = 7, p = 0.0129), while no significant changes in thickness were found between the injured and the uninjured group in total corneal thickness (n = 7, p = 0.6725) and stromal thickness (n = 7, p = 0.4906) (
Figure 4E
). Meanwhile, there was no significant changes between epithelial thickness of WT and Akita mice at baseline (
Figures 4A, B
).




Figure 4 | 
H&E staining of the cornea cross section and thickness measurements. Representative images of corneas were selected from (A) a WT mouse at baseline, (B) an Akita mouse at baseline, (C) a WT mouse immediately after corneal alkaline injury, (D) an Akita mouse immediately after corneal alkaline injury, (E) a WT mouse immediately at day 3 after corneal alkaline injury, and (F) an Akita mouse immediately at day 3 after corneal alkaline injury. (G) Corneal thickness measurement for total cornea, corneal epithelium, and corneal stroma for mouse corneas without injury (control group) and those immediately after injury; significantly reduced cornea thicknesses were found in the injured group compared with controls (n = 7, p = 0.0129). (H) Corneal thickness measurement for total cornea, corneal epithelium, and corneal stroma for corneas from WT mice and Akita mice at day 3 after injury. Significantly reduced cornea thickness was found for Akita mice at day 3 after injury compared to the WT group (n = 7 for both the WT and Akita groups, p = 0.0498). *p<0.05.




To further confirm the delayed cornea wound healing in Akita mice, cornea thickness was checked between the WT and Akita groups at day 3 after injury. There was significantly reduced cornea epithelium thickness at day 3 after injury (n = 7, p = 0.0498), whereas no significant changes were found between the WT and Akita groups in total corneal thickness (n = 7, p = 0.4586) and stromal thickness (n= 7, p = 0.3654) (
Figures 4C, D, F
).



3.3 Tear protein analysis of diabetic and WT mice at baseline and after corneal alkaline burn injury



3.3.1 Diabetic mice had altered baseline tear protein chemokine and growth factor levels compared to wild-type mice

To analyze the level of cytokine secretion on the ocular surface, tear samples were collected at baseline, day 0, day 3, and day 7 after the corneal alkaline burn, and a protein micro-array assay was conducted with a panel of cytokines related to ocular surface immunity, angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), C-C motif chemokine ligand 2 (CCL2), insulin growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), and vascular endothelial growth factor A (VEGF-A) (
Supplementary Table 6
). At baseline before injury, tear concentration of the Ang-2 (1,062 ± 371.5 vs. 402.4 ± 69.35 pg/ml, p = 0.0075, n = 6) was significantly higher in Akita mice compared to WT mice (
Figure 5B
). In addition, CCL2 showed elevated tear level in Akita mice compared to WT mice (37.9 ± 5.253 vs. 15.9 ± 4.687 pg/ml, p = 0.0189, n = 6) at baseline (
Figure 5C
). Yet, no significant difference was found for baseline levels of Ang-1, IGF-1, PDGF, and VEGF-A in Akita mice tear samples as compared to WT ones, as indicated by an unpaired t-test (
Figures 5A, C–F
).




Figure 5 | 
Comparison of tear protein concentration of the right (injured) eye from WT and Akita mice measured at baseline (before injury) with day 0, day 3, and day 7 after corneal alkaline injury. (A) Tear level of Ang-1 showed significantly elevated level immediately after injury WT mice (n = 6, p = 0.0412). (B) Tear level of Ang-2 showed significantly higher tear level at baseline and has significantly decreased at day 7 after injury for Akita mice (n = 6, p = 0.0243). (C) Tear level of CCL2 showed significantly elevated level in Akita mice at baseline. (D) Tear level of IGF-1 has significantly decreased immediately after injury (n = 8, p = 0.0018), and on post-injury day 3 (n = 8, p = 0.0026) and day 7 (n = 8, p = 0.0147) in Akita mice. (E) Tear level of PDGF-BB showed a trend of decrease from baseline level to the post-injury period in tear levels of Akita mice; however, there was no statistical significance. (F) Tear level of VEGF-A for Akita mice has significantly decreased immediately after injury (n = 8, p = 0.0016), on day 3 (n = 8, p = 0.0063), and on post-injury day 7 (n = 8, p = 0.0032) compared to baseline level (n number means the number of eyes/mice from both the WT and Akita groups, same for all measurements). *p<0.05; **p<0.01.





3.3.2 Diabetic mice had significant impairment of tear growth factor and chemokine secretion after corneal alkaline burn injury

To compare whether there is a significant change of tear protein level at day 0, day 3, and day 7 after injury as compared with baseline level, one-way ANOVA was performed to compare the tear levels of Ang-1, Ang-2, CCL2, IGF-1, PDGF, and VEGF-A at baseline with each post-injury time point. For WT samples, the result showed no significant changes in tear levels of Ang-2, CCL2, IGF-1, PDGF, and VEGF-A between baseline and at day 0, day 3, and day 7, respectively, after the corneal alkaline burn 
Supplementary Tables 2–6

). However, tear Ang-1 showed an increased level from 910.5 ± 216.3 pg/ml to 2,967 ± 1,337 pg/ml at day 0 after injury in WT mice (p = 0.0412, n = 8), but not in Akita mice. Among the result presented for Akita mice samples, there was a significant decrease in tear levels of Ang-2, IGF-1, and VEGF-A immediately (day 0) after the chemical injury in comparison with baseline measurement (
Supplementary Tables 2, 4, 6)
 (
Figures 5B, D, F
). In particular, the tear IGF-1 level from Akita mice decreased from a baseline level of 520.1 ± 118.3 pg/ml to 77.65 ± 22.04 pg/ml (p = 0.0018, n = 8), whereas the tear VEGF-A level from Akita mice decreased from 3,423 ± 772.8 pg/ml to 143.3 ± 59.82 pg/ml (p = 0.0016, n = 8). Yet, no significant changes were found in tear samples of WT mice immediately after injury except for Ang-1.

At day 7 after injury, the tear concentration of Ang-2 decreased from a baseline level of 1,062 ± 172.4 pg/ml to 201.7 ± 87.21 pg/ml (p = 0.0243, n = 6) (
Figure 5D
; 
Supplementary Table 2
). Meanwhile, there was also a significant decrease in tear levels of IGF-1 and VEGF-A both at day 3 after the injury and at day 7 after the CABI in Akita mice, in comparison with the baseline level (
Figures 5D; F
; 
Supplementary Tables 4, 6
). The tear concentration of IGF-1 in Akita mice decreased from a baseline level of 520.1 ± 118.3 pg/ml to 75.46 ± 31.04 pg/ml at day 3 after injury (p = 0.0026, n = 8) and to 185.7 ± 72.96 at day 7 after the injury (p = 0.0147, n = 8). Additionally, the tear concentration of VEGF-A in Akita mice decreased from a baseline level of 3,423 ± 772.8 pg/ml to 805.6 ± 573.1 pg/ml at day 3 after injury (p = 0.0063, n = 8) and to 601.6 ± 243.8 pg/ml at day 7 after injury (p = 0.0032, n = 8) (
Figure 5F
; 
Supplementary Table 6
). Although without significance, the tear CCL2 level in diabetic mice decreased from a baseline level of 37.9 ± 5.253 pg/ml to a day 3 level of 14.1 ± 9.15 pg/ml (p = 0.1308, n = 8), whereas no apparent decrease was observed for WT mice (p = 0.9991, n = 8) (
Figure 5C
; 
Supplementary Table 3
). Furthermore, in diabetic Akita mice, there was also a trend of decrease of tear expression of Ang-2 at day 0 and day 3 after injury and of PDGF-BB at day 0, day 3, and day 7 after injury (
Figures 5B, E
; 
Supplementary Tables 2, 5
).




3.4 Diabetic mice showed altered intestinal microbiome composition compared to WT mice

The microbiome diversity pattern was compared between groups using an unpaired t-test of the CHAO1, Simpson, and Shannon indices at baseline, day 3, and day 7 after the corneal alkali injury. Akita mice were found to have higher diversity in microbiota composition at baseline (n = 7, p = 0.0370) and day 3 (n = 7, p = 0.0376) after corneal alkaline injury, as compared to WT mice from the CHAO1 index (
Figure 6A
), whereas the difference was insignificant with the Shannon and Simpson indices (
Figures 6B, C
). At day 7 after the alkaline injury, the difference in gut microbiome diversity was insignificant between WT and Akita mice with the CHAO1, Shannon, and Simpson index (n = 7, p = 0.1048) (
Figure 6A
).




Figure 6 | 
Comparison of intestinal microbiome diversity pattern of WT and Akita mice measured at baseline (before injury) with day 0, day 3, and day 7 aftercorneal alkaline injury. (A) Comparison of alpha diversity index at baseline, day 3, and day 7 after injury. Akita mice were found to have higher abundance ofmicrobiota composition as compared to WT mice from the CHAO1 index at day 3 after injury (n = 7, p = 0.0376). (B, C) Comparison of alpha diversity index at baseline, day 3, and day 7 after injury by the SIMPSON index (B) and SHANNON index (C) at day 3 after injury. No significance difference was found at baseline, day 3, or day 7 after injury after one-way ANOVA test (n = 7). (D) Firmicutes bacterium M10-2 had higher abundance in WT mice as compared to diabetic mice at day 7 after cornea alkaline injury (n = 5, p = 0.0164); there was a significant increase of Firmicutes bacterium M10-2 at day 7 after injury as compared to baseline level for WT mice (n = 5, p = 0.0215) (n number means the number of mice from both the WT and Akita groups, same for all measurements). *p<0.05.




Additionally, longitudinal changes in gut microbiome diversity pattern at day 3 and day 7 after injury were measured. The results showed that Akita mice have significantly reduced gut microbiota diversity at day 3 in the post-injury period compared to baseline from the CHAO1 index (n = 7, p = 0.0137) (
Figure 6A
) based on a one-way ANOVA test (p = 0.2894). Comparatively, there were no significant changes in gut microbiome diversity pattern in WT mice over time (
Figure 6A
).

Individually, Firmicutes bacterium M10-2 was found to be significantly more abundant in WT mice at day 7 after the corneal alkaline injury (n = 5, p = 0.0164), while an increase in abundance level was observed at day 7 after injury in WT mice only, but not in Akita mice (n = 5, p = 0.0215) (
Figure 6D
).The means of relative abundance of bacteria present in the intestinal microbiome of WT and Akita mice were acquired at the phylum, genus, and species level and compared in the form of heat maps, as shown in 
Figures 7B, C
. At the phylum level, Bacteroidetes were in higher relative abundance of 0.52 in WT mice as compared to Akita mice, with a relative abundance of 0.35. Conversely, Firmicutes were in lower relative abundance at 0.35 in WT mice as compared to Akita mice with a relative abundance of 0.52. Additionally, Proteobacteria were in higher relative abundance in WT mice compared to Akita mice whereas Verrucomicrobia were in higher relative abundance in Akita mice compared to WT mice. There were no significant differences in relative abundance between WT and Akita mice for Actinobacteria, Deferribacteres, and Tenericutes (n = 5) (
Figure 7A
).




Figure 7 | 
Heat maps for relative abundance of bacteria present in the intestinal microbiome of WT and Akita mice at the phylum, species, and genus level. (A) Heat map of bacteria present in intestinal microbiome of WT and Akita mice generated at the phylum level based on mean relative abundance. (B) Heat map of bacteria present in the intestinal microbiome of WT and Akita mice generated at the genus level based on mean relative abundance. (C) Heat map of bacteria present in the intestinal microbiome of WT and Akita mice generated at the species level based on mean relative abundance. Values of relative abundance are presented with corresponding colors as shown in the legend for B to D (n = 5 in WT and Akita).




At the genus level, Bacteroides were in higher relative abundance at 0.35 in WT mice than in Akita mice at 0.23; Lachnospiraceae_u_g were in higher relative abundance at 0.23 in Akita mice than in WT mice at 0.12; Parabacteroides, Lactobacillus, and Firmicutes_u_g were all in higher abundance in WT mice than in Akita mice (n = 5) (
Figure 7B
).

At the species level, Bacteroides sartorii, Helicobacter typhlonius, Parabacteroides distasonis, Bacteroides sp. 2_1_33B, Parabacteroides sp. 20_3, Bacteroides uniformis, Lactobacillus johnsonii, and Firmicutes bacterium M10-2 were in higher relative abundance in WT mice than in Akita mice, whereas Akkermansia muciniphila, Lachnospiraceae bacterium 10-1, Lachnospiraceae bacterium A4, Oscillibacter sp. 1-3, and Clostridioides were in higher relative abundance in Akita mice compared to WT mice (n = 5) (
Figure 7C
).



3.5 Diabetic mice showed altered T-cell profile at baseline and on post-injury day 3



3.5.1 Diabetic mice exhibited an impaired systemic adaptive immune response towards cornea injury compared to wild-type mice

Peripheral blood samples of WT and Akita mice were collected at baseline and day 3 after injury and flow cytometry was used to analyze the levels of CD3+CD4+ T cells. All gates were set on the FlowJo software, with P1 gating for lymphocytes, P2 gating for single cells against doublets or clusters of multiple cells, and Q2 gating for both FITC and PE fluorescently labeled cells (
Figures 8A–C
). The proportions of CD3+CD4+ cells from WT and Akita mice at baseline were analyzed by an unpaired t-test with a significance level of 0.05. Akita mice were found to have a significantly greater proportion of CD3+CD4+ cells as compared to WT mice at baseline (n = 7, p = 0.0146) (
Figure 8D
). However, the difference between groups became insignificant at day 3 after injury (
Figure 8D
). Additionally, the proportions of CD3+CD4+ cells from WT and Akita mice at baseline were compared by a paired t-test with a significance level of 0.05 for longitudinal analysis. WT mice had significantly increased CD3+CD4+ cells in the peripheral blood at day 3 after injury compared to baseline (n = 7, p = 0.0022), whereas Akita mice had no significant changes in CD3+CD4+ cells in the peripheral blood before and after injury (
Figure 8D
).




Figure 8 | 
Proportion of CD3+CD4+ T cells in lymphocytes in peripheral blood samples of WT mice and Akita mice at baseline and at day 3 after corneal alkaline injury (A) Gating of lymphocytes (P1). (B) Gating of single cells against double or multiple cells (P2). (C) Gating of CD3+CD4+ T cells. (D) Akita mice had a higher abundance of CD3+CD4+ T cells in peripheral blood as compared to WT mice at baseline as indicated by an unpaired t-test (n = 7, p = 0.0146). WT mice had a significant increase of CD3+CD4+ cells in the peripheral blood at day 3 after the injury as indicated by a paired t-test (n = 7 for both the WT and Akita groups, p = 0.0022). *p<0.05; **p<0.01.





3.5.2 Diabetic mice exhibited an impaired ocular surface adaptive immune response towards cornea injury compared to WT mice

In addition, the proportion of CD4+CD3+ T cells were tested with ocular surface samples taken from the mice at day 3 after the chemical injury. The gates were set on FlowJo as shown in 
Figures 9A–C
. Using a paired t-test, we found that WT mice have a significant increase of CD3+CD4+ T cells on the ocular surface at day 3 after corneal alkali injury as compared to baseline (n = 7, p = 0.0471), whereas no such significant change was found in CD3+CD4+ T cells on the ocular surface of Akita mice after injury (n = 7, p = 0.0941) (
Figure 9D
). Moreover, Akita mice showed more abundant CD3+CD4+ T cells as compared to WT mice at baseline, yet the difference is insignificant using an unpaired t-test (n = 7, p = 0.0639) (
Figure 9D
).




Figure 9 | 
Proportion of CD3+CD4+ T cells in lymphocytes in ocular surface samples of WT and Akita mice at baseline and day 3 after corneal alkaline injury. (A) Gating of lymphocytes (P1). (B) Gating of single cells against double or multiple cells (P2). (C) Gating of CD3+CD4+ T cells (Q2–4). (D) Using a paired t-test, WT mice had a significant increase of CD3+CD4+ T cells on the ocular surface at day 3 after CABI as compared to baseline (n = 7, p = 0.0471), whereas no significant change was observed in CD3+CD4+ T cells on Akita mice ocular surface after injury (n = 7 for both the WT and Akita groups, p = 0.0941). *p<0.05.







4 Discussion


4.1 We report a highly repeatable animal model of diabetic cornea wound healing

For our experiments, the Akita mouse was selected to model a persistent hyperglycemic state. This is an animal model of T1DM that exhibits significant hyperglycemia starting from 3 to 4 weeks of age. While it has been previously used as an animal model of diabetic retinopathy complications, our group is the first to use this model to investigate impaired cornea wound healing after injury in diabetic mice versus controls (24). In our experiments, Akita mice showed significantly slower corneal re-epithelialization rates compared to WT mice after alkaline chemical injury. This is consistent with findings from diabetic cornea wound healing studies using other types of animal models (25). Meanwhile, the result also demonstrates that alkaline burn injury induced on Akita mouse cornea is an excellent model to investigate molecular pathogenic and therapeutic aspects of corneal wound healing in diabetes.



4.2 Diabetic mice exhibited impaired ocular surface immune response to corneal injury

The results of protein micro-array assay of tear cytokines reported that diabetic mice had reduced tear levels of VEGF-A, Ang2, and IGF-1 after injury compared to baseline. The components of tear fluid are secreted from several sources including conjunctival goblet cells, the lacrimal gland, the cornea epithelium, and the episcleral vascular system in close proximity (26). The altered tear cytokine levels suggest an inability of the ocular surface to mount an immune response to promote cornea wound healing after injury. The importance of VEGF in diabetic complications has been previously comprehensively established (27, 28). VEGF is known to promote vascular endothelial cell proliferation, migration, and vasopermeability. VEGF levels were reported to be elevated in the blood of diabetic patients, playing a key role in diabetes-related morbidity such as diabetic retinopathy, age-related macular degeneration, and a variety of cardiovascular diseases. In ocular surface diseases such as DED, VEGF is known as an inflammatory marker that impairs the surface epithelium of the eye (29). However, VEGF is also recognized as a pleiotropic factor with a broad effect on endothelial, neuronal, and glial behaviors (30). Because of the above-mentioned importance of VEGF in diabetes and in corneal wound healing response, VEGF level was measured in our experiments and was found to be suppressed in diabetic mice after injury, suggesting that while sustained high levels of VEGF in the serum may correlate with the development of microvascular complications, post-injury tear VEGF levels may be important in the cornea wound healing response.

Our study reported an elevated baseline level of CCL2 in tear samples of Akita mice. CCL2, also known as MCP-1, is a proinflammatory chemokine and has a controversial role in diabetes and wound healing. Previous studies suggested that CCL2 is beneficial in wound healing by restoring the macrophage response (31). On the other hand, it is also a risk factor for worsening diabetic nephropathy due to its role in promoting inflammation (32). In previous ocular studies, overexpression of the CCL2 was involved in the pathogenesis of diabetic retinopathy (33). In our experiments, tear secretion of CCL2 diminished sequentially after injury in diabetic mice but not in WT mice, suggesting its importance in the cornea wound healing response.

Previous reports have shown higher blood levels of Ang-2 in diabetic mice compared to controls (34). The function of Ang-2 in the integrity of the blood–retinal barrier was previously highlighted in studies of diabetic retinopathy (35). In our experiments, tear Ang-2 was lower in diabetic mice compared to controls immediately after injury (day 0), suggesting an important role in the initiation of the cornea wound healing response.

The association between IGF and metabolic syndromes has been explored extensively in previous experiments (36). Patients with very high or very low levels of serum IGF-1 are both at increased risk of diabetes (37, 38). Meanwhile, animal studies indicate that IGF-1 has an essential inhibitory effect on cell apoptosis and has been shown to promote wound healing (39, 40). This is consistent with our finding of diminished tear IGF-1 after injury in diabetic mice, confirming its importance in the cornea wound healing response.

Taken together, our findings show that cytokines are key mediators of corneal wound healing after injury, despite the fact that they are normally detrimental in the pathogenesis of common microvascular complications of diabetes, including retinopathy and nephropathy. The fact that tear levels of these cytokines are suppressed in diabetic mice following corneal alkaline burn injury demonstrates the importance of the local inflammatory response in initiating and propagating cornea re-epithelialization.



4.3 Altered gut microbial diversity in response to corneal injury and in diabetic mice

In our study, diabetic mice and WT mice each had distinct microbial abundance patterns at baseline. In response to cornea injury, both diabetic and WT mice demonstrated changes in alpha diversity patterns compared to baseline. Such a response has been previously documented in other forms of severe non-abdominal injuries, including traumatic brain injury and spinal cord injury resulting in intestinal dysbiosis, which subsequently was followed by impaired systemic immunity (41, 42). Such changes may represent a stress response resulting in a temporary alteration in gut microbiome composition. This is consistent with previous findings that psychological stress or depression may cause intestinal dysbiosis (43). The resulting altered intestinal microbiome may, in turn, impact the adaptive immune system, making it less effective in promoting healing after an insult.

Previous studies have reported the close association between intestinal dysbiosis and type 2 diabetes. The gut microbiota contributes to maintenance of intestinal integrity by modulating tight junction proteins between gut epithelial cells (44). Alterations in intestinal microbiome have been shown to enhance systemic inflammation (45) due to the increased abundance of pathogenic bacteria. In diabetes, intestinal dysbiosis may further promote microvascular complications through endotoxemia. This can be ameliorated through the use of probiotic treatment, which has been shown to effectively reverse both intestinal dysbiosis and diabetic progression in T2DM (45).

When considering the microbiome response on an individual species level, our study identified several potential targets for manipulation in future studies (46). In our study, the abundance of Bacteroides was initially lower in diabetic mice compared to controls at baseline, but was significantly elevated after cornea injury. A previous study demonstrated a reduced abundance of Bacteroides in Bio-Breeding diabetes-prone (BB-DP) rats (47). Furthermore, in our experiments, A. muciniphila is present only in diabetic mice after the injury and not in controls. In previous studies, A. muciniphila was shown to have beneficial effects in attenuating diabetic complications in humans (48). It has also been shown to have a protective role against immune-mediated liver injury in mice (49). We also observed lower abundance levels of H. typhlonius in diabetic mice compared to controls. This was consistent with the findings of previous published results in humans (50). Its role in diabetic complications, however, has not been fully elucidated. Finally, the abundance level of Firmicutes bacterium M10-2 was significantly reduced in diabetic mice after injury. It was previously reported that that the ratio of Firmicutes and Bacteroidetes correlated with body mass index (51). However, no published study has investigated the role of firmicutes bacterium in diabetes pathogenesis and complications.



4.4 Diabetic mice have impaired systemic and local immune response to corneal injury

Upon stimulation by the innate immune response, CD4+ cells differentiate into T helper (Th) cells and regulatory T (Treg) cells, facilitating adaptive immunity. Th and Treg cells play important roles in response to insult, including acute kidney injury (52) and skin injury (53).

In our study, Akita mice had higher peripheral blood CD4+ T-cell counts compared to WT mice at baseline. This finding may represent a persistent inflammatory response towards intestinal dysbiosis and endotoxemia in the Akita mice. This, however, changed significantly in Akita and WT mice groups after cornea injury. While WT mice had an upregulation of CD3+CD4+ T-cell count after injury, diabetic mice had no significant changes, both on the ocular surface and in peripheral blood. This highly suggests that diabetic mice are incapable of initiating a proper adaptive immune response towards injury. This finding may partially explain impaired ocular surface immune response and wound healing after injury under diabetic conditions. Furthermore, given our understanding of the link between intestinal microbiome and T-cell-mediated immunity, the differences in immune response between WT and Akita mice may be a consequence of the observed differences in microbiome diversity and abundance patterns.



4.5 Limitations of the study

Our study had several limitations. Firstly, in our experiments, we used the Akita mouse as the animal model of diabetes. It is important to note that there are etiological differences between the diabetes in this model and that in human patients, which may serve as confounding factors, particularly in regard to the non-glycemic pathways for pathogenesis and complications of diabetes. It may be worthwhile to confirm whether our observations are present in other animal models of diabetes and cornea injury. Furthermore, differences in the gut microbiome profile between mouse and human serve another limitation, as our target bacteria and pathways may not be applicable to the human gut. Thirdly, this is an observational study rather than a therapeutic trial. We will next need to examine the impact of treating the intestinal dysbiosis in diabetic mice, either through probiotics or fecal transplantation, on cornea wound healing outcomes.



4.6 Clinical implications

Our results demonstrated a potential link between gut microbiome, systemic and local immunity, and cornea wound healing, suggesting that further exploration of this relationship in diabetes is worthwhile. Keratopathy is a common and sight-threatening complication of diabetes, manifested by delayed cornea wound healing, recurrent corneal erosion syndrome, and neurotrophic ulcers. Current treatment options are limited and do not address the underlying pathological changes caused by DM. Our continued research in this area may eventually pave the way for specific dietary modifications, fecal transplantation, and/or probiotic therapy as promising and more cost-effective options in ameliorating complications of DM.




5 Conclusion

In summary, we demonstrated that in diabetic mice, impaired cornea wound healing was associated with an inability to mount a systemic and local immune response to ocular chemical injury. The lack of ability of the immune system in diabetic mice to respond to the ocular insult, both locally and systemically, was evidenced by a lack of peripheral blood T-cell proliferation and lack of tear chemokine and growth factor production. This is in stark contrast to the immune system in WT controls, where a swift immune response facilitated prompt cornea wound healing. Our study further postulated that baseline differences in intestinal microbial diversity and abundance patterns may account for the observed differences in immune response between diabetic mice and controls. While further in vivo and in vitro experiments are needed to clarify the relationship between gut microbiome and systemic and ocular surface immunity, our results add to the growing amount of evidence of the intimate link between the two systems. The gut microbiome may provide a useful and non-invasive target for manipulation in diabetic patients with reduced morbidity and mortality.
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Background

Gut microbiota characteristics in patients with diffuse large B-cell lymphoma (DLBCL) are reportedly different when compared with the healthy population and it remains unclear if the gut microbiota affects host immunity and clinical disease features. This research investigated the gut microbiota in patients with untreated DLBCL and analyzed its correlation with patient clinical characteristics, humoral, and cell immune status.



Methods

Thirty-five patients with untreated DLBCL and 20 healthy controls (HCs) were recruited to this study and microbiota differences in stool samples were analyzed by 16S rDNA sequencing. Absolute ratios of immune cell subset counts in peripheral blood were detected by flow cytometry and peripheral blood cytokine levels were detected by enzyme-linked immunosorbent assay. Relationships between changes in patient microbiomes and clinical characteristics, such as clinical stage, international prognostic index (IPI) risk stratification, cell origin, organ involved and treatment responses were investigated and correlations between differential microbiota and host immune indices were analyzed.



Results

The alpha-diversity index of intestinal microecology in DLBCL patients was not significantly different when compared with HCs (P>0.05), nonetheless beta-diversity was significantly decreased (P=0.001). p_Proteobacteria were dominant in DLBCL, while p_Bacteroidetes abundance was significantly decreased when compared with HCs (P<0.05). Gut microbiota characteristics were identified that were associated with clinical features, such as tumor load, risk stratification and cell origin, and correlation analyses were performed between differential flora abundance associated with these clinical features and host immune status. The p_Firmicutes was positively correlated with absolute lymphocyte values, g_Prevotella_2 and s_un_g_Prevotella_2 were negatively correlated with absolute lymphocyte values, T cell counts and CD4 cell counts, while g_Pyramidobacter, s_un_g_Pyramidobacter, and f_Peptostreptococcaceae were negatively correlated with IgA.



Conclusions

Dominant gut microbiota, abundance, diversity, and structure in DLBCL were influenced by the disease, correlated with patient immune status and this suggested that the microecology-immune axis may be involved in regulating lymphoma development. In the future, it may be possible to improve immune function in patients with DLBCL by regulating the gut microbiota, improve treatment response rates and increase patient survival rates.





Keywords: diffuse large B-cell lymphoma, gut microbiota, 16s rDNA sequencing, lymphocyte subsets, cytokines



1 Introduction

Diffuse large B-cell lymphoma (DLBCL) is the largest non-Hodgkin’s lymphoma (NHL) subtype, is highly invasive and accounts for about 30% of NHL cases (1). It is a highly heterogeneous tumor in terms of biological features and clinical prognosis, is divided into germinal center B-cell-like (GCB) and activated B-cell-like (ABC) subgroups based on cell origin and depends on different oncogenic pathways with different clinical courses (2). International prognostic (IPI) and age-adjusted IPI (AaIPI) indices can help predict prognosis outcomes (3). As an aggressive NHL, the natural course of DLBCL is relatively short, with immunochemotherapy, based on the CD20 monoclonal antibody such as rituximab substantially improving complete remission (CR) and survival rates in DLBCL patients. However, 30 to 40% of patients will relapse and endure refractory or drug-resistance problems which pose significant challenges for prognoses (4).

With approximately 100 trillion microorganisms in the human gut representing one to three percent of the body’s weight, the gut microbiota is considered the body’s other major organ and affects health via an ancient evolutionary symbiotic relationship (5). Many studies have shown that the gut microbiota is linked with diabetes, obesity, cardiovascular disease, inflammatory bowel disease, irritable bowel syndrome and tumors (6–9). The gut microbiota both promotes and inhibits cancer and affects antitumor therapy efficacy. Its mechanism of action toward malignant tumor development may involve inflammation, immune responses, material metabolites and genetic material alteration (10, 11). The microbiota also improves host metabolic capacity and immunoglobulin levels inside and outside the intestinal tract and helps regulate intestinal mucosal immunity (12). Intestinal microecology is not only involved in host digestion, metabolism and energy conversion, but also provides the host with benefits, including strengthening intestinal integrity, regulating intestinal epithelial function, resisting pathogens, supporting lipid metabolism and angiogenesis (13, 14). Intestinal microecology also influences tumor development by interfering with the immune system, inducing genetic mutations, causing chronic inflammation and disrupting the balance between cell proliferation and apoptosis (15).

Although many studies have confirmed that intestinal microecology influences hematological tumor progression and patient prognoses, in DLBCL patients, differences in gut microecological structures between untreated DLBCL onset and healthy populations have been reported (16), while the relationship between intestinal microecology and the immune system and its role in DLBCL development remain poorly understood. More in-depth studies investigating correlations between intestinal microecology, disease characteristics and immune functions in DLBCL patients may provide a basis for disease prevention, early diagnosis, prognostic marker development, and the gut microbiota as a new therapeutic target for DLBCL.

This research used 16S rDNA sequencing to clarify differences in gut microbiota between DLBCL patients and HCs, by dividing DLBCL into early and advanced-stage groups, high-risk and not-high-risk groups with IPI scores, GCB and non-GCB groups, DLBCL with gastrointestinal involvement (GI) and non-gastrointestinal involvement (NGI) groups, complete remission(CR) and non-complete remission(NCR) groups to compare gut microbiota differences between groups. Correlations between immune indicators and the gut microbiota, which affected patient clinical characteristics, were specifically examined to possibly elucidate microecology-immune axis functions in DLBCL development and develop novel prognostic markers and intervention strategies.



2 Materials and methods


2.1 Participant characteristics

From September 2018 to November 2021, 35 patients with untreated DLBCL at the Ningbo First Hospital, and 20 matched healthy controls (HCs), were recruited. Patients were required to be free of antibiotics, chemotherapy drugs and other medications that affect the gut microbiota four weeks before stool collection. Exclusion criteria included active gastrointestinal disease, chronic diarrhea or constipation, history of tumor or autoimmune disease. Participants signed an informed consent form. The study was approved by the Ethics Committee of Ningbo First Hospital and registered at the China Clinical Trials Registry (registration number: ChiCTR2100054354).

Based on the World Health Organization (2016) morphological criteria (17), all 35 DLBCL patients were pathologically consistent with DLBCL and patients were immunohistochemically classified into GCB and non-GCB types according to Han’s classification (18). The staging was performed according to disease staging using the Ann Arbor staging system (19) and patient physical status and prognosis information were also assessed using current physical status according to the Eastern Cooperative Oncology Group and IPI scoring systems. Patients were treated with an R-CHOP regimen(rituximab d0, cyclophosphamide d1, doxorubicin d1,vindesine d1, and prednisone d1-5) (20) and chemotherapy dose and frequency schedules were adjusted according to specific conditions. Patients were reviewed by imaging to assess lesions after four cycles of treatment and clinical efficacy was classified as CR and NCR according to international NHL efficacy evaluation standards (21).



2.2 Fecal collection and 16S rDNA analysis

Fecal specimens were collected from patients at onset and also from HCs and stored at -80°C in a sterile preservation tube containing an anti-DNA degradation solution.

Following the manufacturer’s instructions, DNA was extracted from fecal samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, CA, USA). Detection of the isolated DNAs was determined by spectrophotometry (Multiskan™ GO, Thermo Fisher Scientific, USA). The DNA extracts also were checked by 1.5% agarose gel electrophoresis in 1× Tris-Acetate-EDTA buffer. Reaction volumes for polymerase chain reaction (PCR)in a total of 20 μL consisted of 10 μL KAPA HiFi Hot Start Ready Mix (KAPA Biosystems, MA, USA), 2 μL DNA of approximately 30 ng/μL and 1 μL forward and reverse primers of 10 μM. The 16S rDNA primer sequences were forward 5’-GTGCCAGCMGCCGCGGTAA-3’; reverse 5′-GGACTACNVGGGTWTCTAAT-3′. PCR reaction conditions were configured as required. Products were analyzed using the Qubit 3.0 (Thermo Fisher Scientific, MA, USA) to determine concentrations and then mixed in equal amounts to create a sequencing library. Insert fragments and library molar concentrations were detected and quantified using a QSEP100 (Bioptic, Taiwan) and an ABI7300 fluorescence quantitative PCR instrument (Thermo Fisher Scientific, MA, USA) was used to generate a qualified library for sequencing on the MiniSeq Illumina platform (Illumina, CA, USA). Public access to the original datasets is accessible. This data can be found at https://www.ncbi.nlm.nih.gov/sra/PRJNA906033.

The raw reads were assembled with Flash (22). Primers were removed and clean tags were generated by deleting lower reads with the use of cutadapt (23). The sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using UCHIME in reference mode (24). Representative OTU sequences were aligned in the Silva_132_97_16S database (25) for taxonomic classification using the RDP Classifier (26).



2.3 Microbial community composition and differential abundance - statistical analyses

Alpha-diversity estimates included Shannon, Simpson, ACE, and Chao1 by R vegan package. Sample beta-diversity was assessed by weighted and unweighted UniFrac distances and visualized using Principal Coordinate Analysis (PCoA) plots. These analyses were performed in R v3.4.1. Linear discriminant analysis effect size (LEfSe) analysis was performed on the Galaxy platform(www.huttenhower.sph.harvard.edu/galaxy/).



2.4 Serum cytokine and immunoglobulin measurements

From participants, 5 mL fasting peripheral venous blood was drawn and interleukin 2 (IL-2), IL-4, IL-6, IL-10, tumor necrosis factor α (TNF-α), and interferon γ (IFN-γ) were measured by enzyme-linked immunosorbent assay (ELISA) (Beckman, CA, USA). Immunoglobulin A (IgA), IgG, and IgM were quantified using an IMMAGE-800 automatic immunochemistry system (Beckman, CA, USA) and accompanying test kits.



2.5 Flow cytometry

A two ml peripheral venous blood sample was collected from each participant. Then, 100 μl was mixed with an antibody solution containing20 μl of each of the following antibodies; CD3-fluorescein isothiocyanate (FITC), CD4-allophycocyanin (APC), CD8-phycoerythrin (PE), CD45-peridinin-chlorophyll protein (PerCP), CD16+56-PE, CD19-APC, CD127-PE and CD25- PE-Cy7 according to manufacturer’s instructions. Antibodies were purchased from BD Biosciences (San Jose, CA, USA). Data from 10,000 cells were collected using FACSCanto™ flow cytometry and analyzed using Flowjo 7.6 software.



2.6 Statistical methods

Statistical analysis was performed using SPSS23 software. Patient clinical characteristics in groups were compared using the x2 test for categorical variables or one-way analysis of variance tests for continuous variables. The t-tests were used for comparisons between groups. Correlations between intestinal microecology and immune indices were analyzed by Spearman’s correlation analysis. Differences were considered statistically significant at P<0.05.




3 Results


3.1 Baseline characteristics of the study population

Thirty-five patients with DLBCL and 20 HCs were included in this study. In the DLBCL group, there were 21 males and 14 females with a median age of 64 years; nine patients had stage I–II and 26 had stage III–IV disease; 14 cases were GCB and 21 cases were non-GCB type; lesions involved the gastrointestinal tract in nine cases and other extra-nodal organs in 17 cases; lactate dehydrogenase levels were increased in 13 cases and normal in 22 cases; IPI scores were low-intermediate risk in 19 cases and medium-high risk in 16 cases. After four cycles of chemotherapy, 10(29.4%) of 34 evaluable patients achieved CR, 20 (58.8%) achieved partial remission (PR) and 4 (11.7%) had disease progression. The proportion of CR obtained in the mid-term evaluation of this study is slightly lower than the literature data (27), which may be related to the high proportion of patients (74.29%) with high tumor load in stage III-IV among the enrolled patients.

In the HCs group, there were seven males and 13 females with a median age of 57.5 years. There was no statistical difference between these groups in terms of gender and age (Table 1).


Table 1 | Clinical Characteristics of DLBCL patients and healthy controls (HCs).





3.2 Altered intestinal microecology in patients with untreated DLBCL

A total of 55 fecal specimens were analyzed by 16SrDNA gene sequencing. 2,360,952 reads were obtained from all samples, and 25,220 reads were obtained from per sample. OUT analysis showed that the DLBCL group had 588 unique OTUs,the HCs group had 177 unique OTUs, and both groups had 1098 identical OTUs (Figure 1A).




Figure 1 | Comparing the gut microbiota between patients with untreated diffuse large B-cell lymphoma (DLBCL) patients and healthy controls (HCs). (A) Similarity analysis between DLBCL patients and HCs gut microbiota OTUs. (B) Alpha-diversity analysis of DLBCL patients and HCs. (C) Beta-diversity analysis of DLBCL patients and HCs. (D) Evolutionary relationship diagram: circles arranged radially from inside to outside indicate taxonomic levels from phylum to genus. Yellow nodes indicate taxonomic characters not clearly distinguishable between DLBCL patients and HCs, red nodes indicate richer taxonomic types in the DLBCL group, and green nodes represent richer taxonomic types in the HCs. (E) LDA displays species with significant differences in abundance between DLBCL patients and HCs. Red bars indicate taxa enriched in the DLBCL group; green bars indicate taxa enriched in the HCs. (F) Relative abundance of DLBCL patients and HCs at the phylum level, order, phylum and family levels.



The alpha-diversity index of a single-sample can reflect the fecal microbial richness, (ACE and Chao1) and diversity (Shannon and Simpson). Chao1, ACE and Shannon indices were higher in the HCs group when compared with the DLBCL group, but the Simpson index was higher in the DLBCL group, with no statistical differences (P>0.05) (Figure 1B). Beta-diversity analysis showed that intestinal microbial communities of HCs group were richer than that of the DLBCL group (P=0.001) (Figure 1C).

The LEfSe analysis found that compared with the HCs group, p_Proteobacteria, c_Gammaproteobacteria, o_Enterobacteriales, f_Enterobacteriaceae, and g_ Escherichia-Shigella were higher in relative abundance in the DLBCL group, and p_Bacteroidetes was lower in relative abundance in the HCs group when the Linear discriminant analysis (LDA) score cutoff was set to 4.0 (Figures 1D, E).

At the phylum level, p_Proteobacteria (P<0.001), p_Verrucomicrobia (P=0.04), and p_Synergistetes (P=0.03) abundance was significantly higher in the DLBCL group when compared with the HCs group, while p_Bacteroidetes (P<0.001) was significantly increased in the HCs group. At the genus level, g_Escherichia-Shigella (P<0.001), g_Veillonella (P< 0.001), g_Roseburia (P=0.004), g_Lachnoclostridium (P<0.001), and g_Alistipes (P=0.002) were significantly more abundant in the DLBCL group when compared with the HCs group, while the opposite was true for g_Bacteroides (P=0.001), g_Prevotella_9 (P=0.019), and g_Megamonas (P=0.026) (Figure 1F).



3.3 The relationship between gut microbiota at DLBCL onset and clinical disease characteristics

Using Ann Arbor clinical staging criteria, DLBCL cases were divided into early (I–II) and advanced stage groups (III–IV); no significant differences in alpha- and beta-diversity indices were observed between groups. When differences between two groups were compared at each flora level, it was observed that p_Firmicutes (P=0.029), p_Verrucomicrobia (P=0.045), c_Bacilli (P=0.036), c_Verrucomicrobiae (P=0.045), c_Clostridia (P=0.032), o_Clostridiales (P=0.032), o_Lactobacillales (P=0.036), o_Pasteurellales (P=0.001), o_Verrucomicrobiales (P=0.045), g_Acidaminococcus (P=0.037), g_Akkermansia (P=0.045), g_Haemophilus (P=0.001), g_Prevotella_2 (P=0.048), g_Pyramidobacter (P=0.019), g_Ruminococcus_1 (P=0.026), and g_Streptococcus (P=0.008) were all elevated in patients with advanced lymphoma (Figure 2A).




Figure 2 | Group differences at phylum, order, family, genus, and species levels. (A) stage (I/II) group vs. stage (III/IV) group. (B) IPI (score<3) group vs. IPI (score≥3) group. (C) GCB group vs. non-GCB group. (D) NGI group vs. GI group. (E) NCR group vs. CR group. Note: GCB, germinal center B-cell-like. NGI, non-gastrointestinal involvement. GI, gastrointestinal involvement.CR, complete remission. NCR, non-complete remission. IPI, international prognostic index.



The DLBCL cases were divided into IPI < 3 and IPI ≥ 3 subgroups according to IPI scores and there were no significant differences in alpha- and beta-diversity indices between group IPI < 3 and group IPI ≥ 3. When differences in flora between two groups were compared, c_Negativicutes (P<0.001), g_Agathobacter (P<0.001), g_Lachnospira (P=0.013), g_Lachnospiraceae_UCG-008 (P=0.030), g_Prevotellaceae_NK3B31_group (P=0.009), g_Roseburia (P=0.005) and s_un_g_Roseburia (P=0.005) were elevated in abundance in IPI < 3 individuals (Figure 2B).

From Han typing, DLBCL cases were divided into GCB and non-GCB types and the differences in alpha- and beta-diversity indices between groups were not significant. By comparing differences in flora levels between groups, f_Enterococcaceae abundance was elevated in the non-GCB group (P=0.04) (Figure 2C).

Based on GI involvement or not, DLBCL cases were divided into GI and NGI groups. No significant differences in alpha- and beta-diversity were identified between groups. By comparing differences between flora levels, we showed that g_ Faecalibacterium (P=0.04), g_ Hungatella (P=0.019), and g_ Negativibacillus (P=0.010) abundance levels were elevated in the GI group (Figure 2D).

By comparing the differences in gut microbiota between the CR and NCR groups before chemotherapy, there were no significant differences in alpha- and beta-diversity indices between two groups, but it was found that there were significant differences in g_Butyricimonas abundance in the CR group when compared with the NCR group (P=0.048) (Figure 2E).



3.4 Correlation analyses between gut microbiota and immune levels

The correlation between these differential intestinal microflora closely related to the clinical characteristics of DLBCL and the host immune levelwasinvestigated. It was found that p_Firmicutes was positively correlated with absolute lymphocyte values, g:Prevotella_2 and s:un_g_Prevotella_2 were negatively correlated with absolute lymphocyte values, T cell, and CD4 cell counts, while g_Pyramidobacter, s_un_g_Pyramidobacter, and f_Peptostreptococcaceae were negatively correlated with IgA levels (Figure 3).




Figure 3 | Heat map showing Spearman’s correlations between differential gut microbiota groups and immune indicators. Red indicates a positive correlation and blue indicates a negative correlation. The darker the color, the larger the correlation coefficient. *P<0.05, **P< 0.01. GCB, germinal center B-cell-like; CR, complete remission; NCR, non-complete remission; IPI, international prognostic index.






4 Discussion

A lot of recent research has revealed a strong relationship between the development of lymphomas and intestinal microecology (28, 29). Using 16S rDNA gene sequencing of fecal specimens, this study investigated whether intestinal microecology in DLBCL patients was altered. From alpha- and beta-diversity analyses, while gut microbiota alpha-diversity in untreated DLBCL patients was not significantly different when compared with HCs, beta-diversity analysis showed a richer gut microbiota in the HCs group when compared with the DLBCL group. This demonstrated a significant change in intestinal microecology in DLBCL patients.

In the gut microbiota of untreated DLBCL patients, not only was p_Proteobacteria abundance significantly higher when compared with HCs, but c_Gammaproteobacteria, o_Enterobacteriales, f_Escherobacteriaceae, and f_Escherobacteria-Shigella, which have a continuous evolutionary relationship with p_Proteobacteria, were significantly higher when compared with HCs. f_Enterobacteriaceae and g_Escherichia-Shigella were significantly higher when compared with the HCs group. These microbiotas produce corresponding proteins to affect cell functions, so 75 proteins were specific to c_Gammaproteobacteria or o_Enterobacteriales, while four including b0354, b1132, b1179, and b3033 were present only in c_Gammaproteobacteria. The functions of these specific proteins may help explain the common physiological or biochemical characteristics of these bacteria and future studies may use the molecular characterization of microorganisms to establish gut microbiota markers in DLBCL patients and lead to earlier disease detection.

The p_Bacteroidetes abundance was significantly higher in the HCs group when compared with the untreated DLBCL group. p_Bacteroidetes, c_Bacteroidia, o_Bacteroidales, f_Bacteroidaceae, g_Bacteroides, and s_un_g_Bacteroides also demonstrated a continuous evolutionary link at six levels (phylum, class, order, family, genus, and species). It was previously shown that increased p_Bacteroidetes levels were closely associated with higher butyrate production (30). Butyrate is a short-chain fatty acid (SCFA) that is produced in the intestine by the bacterial fermentation of dietary fiber (31) and these SCFAs regulate intestinal inflammation by modulating intestinal Treg cell numbers and functions (32, 33). Butyric acid has also been associated with anti-cancer activity in several human tumor cell lines and has acted as a histone deacetylase (HDAC) inhibitor preventing colorectal cancer development (34). A previous study investigated the effects of high-fiber diets on lymphoma and found that butyrate enhanced histone acetylation and pro-apoptotic gene expression, inhibiting lymphoma cell proliferation and apoptosis (35). Additionally, g_Bacteroides, as an intestinal commensal bacteria, protects the intestine from pathogens by producing mucin-type O-glycans (36), so it is suggested that increased p_Bacteroidetes abundance helps protect the gastrointestinal tract, reduce inflammation and combats lymphoma.

Clinical characteristics such as disease stage, IPI score, and cell origin at disease onset are closely related to disease prognosis (2–4), so the relationships between intestinal microecological alterations at disease onset and clinical features were analyzed to identify associations between gut microbiota, disease onset, disease characteristics and prognosis.

In terms of disease staging, although no significant differences in alpha- and beta-diversity indices were identified between early and advanced groups, among the groups with significantly higher abundance in DLBCL patients when compared with HCs were: p_Verrucomicrobia, c_Bacilli, c_Verrucomicrobiae, o_Verrucomicrobiales, g_Acidaminococcus, g_Akkermansia, g_Pyramidobacter, and g_Streptococcus; all were elevated in patients with advanced lymphoma, suggesting these floraemay predict a more aggressive clinical course and a worse prognosis for lymphoma.

The organism Akkermansia muciniphila is a highly-important and representative human intestinal p_Verrucomicrobia, which improves host metabolism and modulates immune responses and is considered a highly promising novel probiotic agent (37). Much evidence now suggests that A. muciniphila reductions are associated with several diseases, including obesity, non-alcoholic fatty liver disease, type 2 diabetes, and cardiovascular diseases (38, 39). This bacterium is also believed to enhance antitumor activity and its increased abundance is putatively associated with the reduced incidence of some cancers and the improved efficacy of immune checkpoint inhibitors (40, 41). A. muciniphila appears to exert anti-inflammatory effects by suppressing HDACs via SCFA production, down-regulating toll-like receptor 4 (TLR4) expression via secreted vesicles which regulate the nuclear factor-κB (NF-κB) pathway, and thus inhibiting inflammatory factor release (42). However, A. muciniphila itself increases TLR4 expression and elevates cytokines such as IL-6 (42, 43) and was positively associated with IL-6 in a gut microbiota study in elderly debilitated individuals (44). Critically, the IL-6 signaling pathway is a negative predictor in aggressive DLBCL (45), so it is hypothesized that g_Akkermansia may increase IL-6 levels and predict a greater tumor load in DLBCL patients, and in this study, the bacterium was elevated in DLBCL patients, especially in those with advanced DLBCL, however it is not possible to infer a causal relationship between the two. The relationship between Akkermansia and lymphoma requires more animal studies and clinical trials.

The bacterium g_Streptococcus is another that was elevated in this study in patients with advanced lymphoma, and is closely related to colon cancer (46, 47), but its pathogenic mechanisms are unclear. In a study exploring colon cancer and Streptococcus bovis, it was found that S. bovis promoted proliferation and IL-8 production and promoted precancerous lesion progression in human colorectal adenocarcinoma epithelial cells (48). An S. bovis abundance in the intestine of patients with chronic kidney disease may also suggest that renal damage is associated with streptococcal-mediated immune disorders (49). Although g_Streptococcus was more abundant in patients with advanced disease when compared with patients with early disease in this study, it remains unclear if the bacterium is involved in DLBCL development and progression, thus further studies are needed.

No significant difference in alpha- and beta-diversity indices was observed between IPI scores in not-high-risk and high-risk groups, while comparisons between groups at each taxonomic rank showed that c_Negativicutes, g_Agathobacter, g_Lachnospira, g_Lachnospiraceae_UCG-008, g_Prevotellaceae_ NK3B31_group, g_Roseburia, and s_un_g_Roseburia were elevated in IPI< 3individuals. Studies have confirmed that g_Roseburia was more closely associated with controlling intestinal inflammation, reducing atherosclerosis, and promoting immune system maturation due to major SCFA production, of which butyrate has a major mediating role (50). f_Lachnospiraceae hydrolyzes starch and other sugars to produce butyrate and other SCFAs, thereby promoting immune system maturation (51). Martini et al. (52) extensively analyzed the fecal microbiota in patients with advanced malignancy and found that those with high Agathobacter abundance had better progression-free survival, which may be associated with butyrate production. In this study, g_Roseburia, f_Lachnospiraceae, and Agathobacter flora were elevated in non-high-risk individuals with IPI; these bacteria produce butyrate, therefore it is speculated that they may inhibit lymphoma progression via SCFA production.

By comparing differences between GCB and non-GCB groups at all flora levels, f_Enterococcaceae abundance was significantly higher in patients with non-GCB. Recently, it was reported that Enterococcus faecalis translocated endotoxin to the liver and increased the expression of liver proliferation genes, which are dependent on TLR4-MYD88 signaling, promoting hepato-carcinogenesis (53)The MYD88 activates NF-κB signaling in response to TLR stimulation and also IL-1 and IL-18 receptors and MYD88 mutations are believed to be closely associated with non-GCB type DLBCL development (54). It is therefore hypothesized that f_Enterococcaceae may be involved in lymphoma development by acting on MYD88 and activating NF-κB signaling.

Microorganisms are closely associated with the pathogenesis of malignant lymphomas of the gastrointestinal tract. The relationship between Helicobacter pylori infection and gastric mucosa-associated lymphoid tissue lymphoma has been established (55), and altered microbiota composition in patients with gastrointestinal follicular lymphoma has also been demonstrated (56). In the present study, there was no significant difference in microbiota composition was observed between the GI and NGI DLBCL patient groups as assessed by diversity indicators. The most well-known species of g_ Faecalibacterium is Faecalibacterium prausnitzii, which is one of the most important commensal bacteria in the human intestine and one of the main producers of butyrate (57). F. prausnitzii and its metabolites can exert an anti-inflammatory effect against colitis in mice, improve intestinal flora dysbiosis, and have the potential to treat inflammatory bowel disease (58, 59). Colorectal cancer patients have fewer butyrate-producing bacteria, including F. prausnitzii, and it has been suggested that due to lower butyrate production, the epithelial cell may be more susceptible to being damaged, which may increase the risk of developing cancer (57, 58). In the present study, the abundance of this bacterium was reduced in DLBCL patients with GI, suggesting that the reduction of this bacteria may cause a decrease in intestinal antitumor effects as well as gastrointestinal involvement of lymphoma. However, our study had some limitations due to the small sample size, so further validation in other studies is required.

Several studies have shown the prognostic value of interim [ (18)F]fluorodeoxyglucose positron emission tomography/computed tomography (PET/CT) and can guide subsequent treatment decisions to some extent (27, 60), so patients with PET-CT were evaluated after four cycles of chemotherapy and DLBCL cases divided into CR and NCR group. By comparing the differences in gut microbiota between the two groups before chemotherapy, it was found that higher g_Butyricimonas abundance was putatively associated with DLBCL remission after chemotherapy, so it is speculated that the abundance of g_Butyricimonas in untreated DLBCL patients could potentially be used as a surrogate predictor of interim outcome and prognosis. Previously, g_Butyricimonas occurred in higher abundance in NHL patients at low risk of bloodstream infection (61) and, as SCFA-producing genera, it may influence patient prognoses by modulating the immune system and inflammatory responses (62) and this observation concurred with these findings.

From these analyses, gut microbiota characteristics were identified which were associated with key clinical features such as tumor load, disease risk stratification and cell origin, but it is unclear if these species, with significant effects, affected patient immune functions and disease progression. Several host-microbial interaction studies have shown that relationships between the gut microbiota and the body are mutual and symbiotic. The relationship improves host metabolic capacity, immunoglobulin levels in and outside the gut, and helps regulate intestinal mucosal immunity to some extent. A wide variety of microorganisms in the gut produce antitumor substances that remove malignant proliferating cells before they form tumors (63). The gut microbiota can also influence the activity of the cytotoxic T lymphocyte-associated antigen-4 or programmed death (PD)-1/PD ligand (PD-L) 1 axis by affecting anti-cancer immuno-surveillance and thus immuno-checkpoint inhibitor therapy efficacy (64). Sivan et al. reported that the combination of oral Bifidobacterium with PD-L1 virtually eliminated tumor growth. Previous studies have shown that microbial immune interactions may affect tumor occurrence, development, and prognosis, but in patients with lymphoma, it is unclear if disease related intestinal microecological variations are closely related to host immunity, so correlations between differential flora and host immune indices were investigated. Patients with advanced-stage DLBCL tended to have a higher abundance of g_Prevotella_2 and s_un_g_Prevotella_2. This abundance is often related to lower absolute counts of total lymphocytes, CD3+T lymphocytes, and CD4+T cells, so it was hypothesized that g_Prevotella_2 and s_un_g_Prevotella_2 may contribute to lymphoma development by reducing CD4+ Th cell and lymphocyte numbers, weakening the host’s anti-lymphoma immunity. Firmicutes abundance was positively correlated with absolute lymphocyte counts and it was previously reported that absolute lymphocyte counts in lymphoma patients were closely related to patient prognosis (65). However, this study showed that high Firmicutes abundance correlated with disease progression, which suggested that Firmicutes, as a pro-inflammatory gut microbiota, did not produce effective anti-lymphoma immune responses although it increased lymphocyte numbers, so Firmicutes may be involved in immune depletion associated with chronic inflammation.

The most abundant type of antibody, IgA, serves as the first line of defense for the immune system on mucosal surfaces. Recent studies suggested that changes in microbiota diversity could modulate the IgA-microbiota axis and affect antitumor immunity by altering cancer development risks and modulating responses to immunotherapy. IgA exerts antitumor or pro-tumor effects on different tumor types and may be influenced by tumor type, environmental, and host factors (66). However, the role of IgA in lymphoma is unclear. In this study, f_Peptostreptococcaceae, g_Pyramidobacter and s_un_g_Pyramidobacter showed negative correlations with IgA, while high g_Pyramidobacter abundance was associated with a more advanced disease stage, suggesting this bacterium may affect anti-tumor immunity via IgA. Studies should be conducted to disseminate its role in anti-lymphoma immunity.



5 Conclusions

This study described gut microbiota characteristics in de novo DLBCL patients for the first time and identified flora markers closely related to patient clinical characteristics. These markers included disease stage, cell source, IPI risk stratification, and immunochemotherapy responses. It also showed correlations between structural flora variations and host immunity, and provided new insights into the intestinal microecology immune axis during DLBCL development. However, further work is required to uncover relationships between intestinal microecology and DLBCL development. In future studies, the specific mechanisms of differential and dominant flora development in DLBCL must be characterized to determine new disease biomarkers and develop new therapeutic strategies.
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Introduction

The gut microbiota is implicated in the occurrence and severity of immune-related adverse events (irAEs), but the role it plays as well as its causal relationship with irAEs has yet to be established.



Methods

From May 2020 to August 2021, 93 fecal samples were prospectively collected from 37 patients with advanced thoracic cancers treated with anti-PD-1 therapy, and 61 samples were collected from 33 patients with various cancers developing different irAEs. 16S rDNA amplicon sequencing was performed. Antibiotic-treated mice underwent fecal microbiota transplantation (FMT) with samples from patients with and without colitic irAEs.



Results

Microbiota composition was significantly different in patients with and without irAEs (P=0.001) and with and without colitic-type irAEs (P=0.003). Bifidobacterium, Faecalibacterium, and Agathobacter were less abundant and Erysipelatoclostridium more abundant in irAE patients, while Bacteroides and Bifidobacterium were less abundant and Enterococcus more abundant in colitis-type irAE patients. Major butyrate-producing bacteria were also less abundant in patients with irAEs than those without (P=0.007) and in colitic vs. non-colitic irAE patients (P=0.018). An irAE prediction model had an AUC of 86.4% in training and 91.7% in testing. Immune-related colitis was more common in colitic-irAE-FMT (3/9) than non-irAE-FMT mice (0/9).



Conclusions

The gut microbiota is important in dictating irAE occurrence and type, especially for immune-related colitis, possibly by modulating metabolic pathways.





Keywords: gut microbiome, immune-related adverse events, immune-related colitis, metabolic pathways, anti-PD-1 therapy



1 Introduction

Immune checkpoint inhibitors (ICIs) have become the “fourth pillar” of cancer management. ICIs have improved survival outcomes for patients with various types of cancer, including advanced lung cancer (1), which is the leading cause of cancer death worldwide (2). However, some patients taking immunotherapy develop immune-related adverse events (irAEs), ultimately limiting the full clinical application and potential of immunotherapy (3, 4). IrAEs represent a special class of toxicity caused by immune system overactivation induced by ICIs, leading to their temporary or permanent discontinuation and consequent life-threating tumor progression. There are still no sufficiently specific nor sensitive biomarkers to predict irAE occurrence.

Recently, the gut microbiota has been shown to play a role in shaping ICI efficacy. Baseline microbiota composition has been reported to be different in responders and non-responders to ICIs in various cancers, and fecal microbiota transplantation (FMT) from ICI responders improves ICI efficacy both preclinically (5–7) and clinically (8, 9). A recent clinical trial reported increased response rates to ICIs in metastatic renal carcinoma patients after taking bifidogenic probiotics (10). The microbiota may also influence irAE occurrence, and a few studies have now explored baseline gut microbiota differences in patients with and without colitic irAEs. Indeed, some specific intestinal bacteria appear to distinguish patients without or with mild irAEs from those with severe irAEs (11–15). Moreover, Wang et al. reported two cases of refractory colitic irAE successfully treated with FMT from healthy donors (16). However, most of these studies remain limited to the study of colitic irAEs in melanoma patients.

To broaden our knowledge of the relationship between the gut microbiota, ICI response, and irAE occurrence, here we studied the gut microbiota of patients experiencing a spectrum of irAEs in different cancers, especially lung cancer. We first assessed changes in microbiota composition before and after anti-PD-1 therapy and irAE treatment. Then, we analyzed differences in microbiota composition in patients: (i) with and without irAEs; (ii) with irAEs of different severity; and (iii) with colitic and non-colitic irAEs. To explore the underlying mechanisms, we investigated differences in predicted microbiota function and butyrate production in different patient subgroups. Furthermore, we performed patient-to-mouse FMT experiments to explore the causal relationship between microbiota composition and immune-related colitis.



2 Methods


2.1 Patient enrollment

Fifty patients were consecutively enrolled into the anti-PD-1-treated lung cancer cohort between May 2020 and August 2021 at the Lung Cancer Center, Peking Union Medical College Hospital, Beijing, China according to the following inclusion criteria: (i) aged 18-75 years; (ii) advanced thoracic cancers; and (iii) initially treated with anti-PD-1 therapy. Thirteen patients were excluded due to unblinding of placebo recipients or for other reasons. Patients with irAEs were simultaneously consecutively enrolled according to the inclusion criteria: (i) aged 18-75 years; (ii) diagnosed with an advanced malignant tumor; and (iii) developed irAEs after anti-PD-1 therapy. For both groups, exclusion criteria were: (i) patients with unstable vital signs; and (ii) patients exposed to antibiotics and/or probiotics within four weeks of enrolment.

The Ethical Committee of Peking Union Medical College Hospital approved the study protocol (No. ZS-3037). Written informed consent was obtained from all patients. This clinical study was registered on the Chinese Clinical Trial Register (ChiCTR-2000032088).



2.2 Clinical and demographic information collection

Demographic and clinical information including gender, age, tumor type, tumor stage, previous treatment, evaluation of treatment efficacy, progression-free survival (PFS), irAE type, and irAE grade were collected. Treatment efficacy was assessed according to RECIST version 1.1 criteria (17). PFS was defined as time from initiation of ICI therapy to first clinical and/or radiographically confirmed progression. IrAEs were monitored from the initiation of ICI therapy to August 31, 2021. IrAEs were diagnosed according to National Comprehensive Cancer Network (NCCN) guidelines on ICI-related toxicities without restrictions as to the involved organs (18). All clinical data were collected by experienced physicians.



2.3 Intestinal microbiota analysis

For patients started on anti-PD-1 therapy, fresh fecal samples were prospectively collected before and after ICI therapy. For patients with irAEs, fresh fecal samples were collected before irAE treatment, after irAE treatment, and after resuming ICIs. All fecal samples were stored in the Clinical Biobank, Medical Research Center, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences.

Fecal samples were subjected to microbiota analysis by 16S rDNA amplicon sequencing on the Illumina MiSeq (PE300) sequencing platform (Illumina, San Diego, CA) (19). Operational taxonomic units (OTUs) were detected with QIIME2 (20) and grouped according to phylum and genus. Differences in microbiota composition were compared according to relative abundance of these two levels. α-diversity was assessed according to the observed species, Shannon index, and Chao1 index, while β-diversity was assessed by Bray-Curtis and weighted UniFrac distances. Bray-Curtis distances were also used for ordination by principal coordinate analysis (PCoA), and differences in composition structure were assessed by Adonis and analysis of molecular variance (AMOVA) (21). The multiple response permutation procedure (MRPP) (22) was based on OTUs. Species with statistically significant differences between groups were evaluated by linear discriminant analysis effect size (LEfSe) (23). Functional prediction of microbiota differences was performed using Tax4fun (24) and STAMP (Statistical Analysis of Metagenomic Profiles) (25) using functional inferences from the Kyoto Encyclopedia of Gene and Genomes (KEGG) database. The abundances of the main butyrate-producing bacteria (Faecalibacterium, Agathobacter, Roseburia, Subdoligranulum, Ruminococcus_gnavus_group, Megasphaera, Phascolarctobacterium, Flavonifractor, Eubacterium_ruminantium_group, Coprococcus, Eubacterium_hallii_group, Oscillibacter, Butyricicoccus, Butyricimonas, Anaerostipes, Odoribacter, Porphyromonas, Eubacterium_ventriosum_group, Oscillospira, and Butyrivibrio) were compared.



2.4 FMT experiments in mice


2.4.1 Mice and interventions

Six- to 8-week-old male C57BL/6 mice were fed under specific pathogen–free conditions. Mice were treated with a cocktail of antibiotics (ANVM: 4 mg/mL ampicillin, 2 mg/mL neomycin, 4 mg/mL metronidazole, 2 mg/mL vancomycin) 250 μL each day by oral gavage. 18 mice were randomly divided into two groups, colitic-irAE-FMT and non-irAE-FMT, receiving FMT from three patients with colitic irAE and two patients without irAE after anti-PD-1 therapy, respectively. The antibiotic pre-treated mice were first gavaged with 150 μL of fecal suspension every other day for 14 days, then 250 μg anti-PD-1 and 100 μg anti-CTLA-4 monoclonal antibodies were injected intraperitoneally, with FMT continued every other day for 10 days. All mice were euthanized at the last day of injection or on the verge of death. The Experimental Animal Ethics Committee of Peking Union Medical College Hospital approved the study protocol (XHDW-2022-066).



2.4.2 Colitis evaluation and dynamic microbiota analysis

Body weight and colon length were recorded, and the disease activity index (DAI) (26) and colitis scores (by histopathological analysis) (27) were evaluated by an independent investigator.

Slides were incubated with primary antibodies targeting CD4 (#70437, Leica Biosystems, Wetzlar, Germany), CD8 (#70349, Leica Biosystems), and CD20 (#71902, Leica Biosystems) at 4°C overnight and then incubated with Polymer Detection System reagents (PV-9000, ZSGB BIO, Beijing, China), visualized with DAB (ZLI-9019, ZSGB BIO), and counterstained with hematoxylin. Positively stained cells were counted in ten randomized fields (40× objective) under a light microscope by two experienced pathologists. Immunohistochemistry (IHC) scores were calculated as the mean positive cell percentage and degree of staining.

Colon tissue was treated with TRIzol reagent (Invitrogen, Waltham, MA). Extracted RNA was then reverse transcribed into cDNA using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the S1000 PCR thermocycler (BioRad, Hercules, CA). The results were analyzed using Alpha Innotech 2000 software (ProteinSimple, Santa Clara, CA) and presented as the ratio of the relative absorbance of glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as a housekeeping gene using the 2-ΔΔCT method. Primer sequences are presented in Supplementary Table 1.

Feces of three representative mice in each group were collected at baseline, after antibiotic treatment, after FMT, and before euthanasia. The samples were also subjected to microbiota analysis by 16S rDNA amplicon sequencing as previously described, while amplicon sequence variants (ASVs) were detected with QIIME2 (20).




2.5 Statistical analyses

Statistical analysis was performed using R software v4.0.3 and GraphPad Prism v8.3.1 (GraphPad Software, La Jolla, CA). Continuous variables are expressed as means ± SD or medians and interquartile ranges (IQR), as appropriate. Categorical variables are expressed as numbers and percentages or frequencies. Demographic and clinical characteristics were compared with Pearson’s chi-squared test, Fisher’s exact test, or the Wilcoxon rank-sum test between two groups as appropriate. Comparisons of bacterial abundance, α-diversity, and β-diversity were performed with t-tests or Wilcoxon rank-sum tests between two groups, as appropriate. Survival was estimated by the Kaplan–Meier method, and differences in survival were evaluated with the log-rank test. Random forest (RF) analysis was performed based on genus abundance. The analytic data were randomly sampled as an 80/20 split into the training (80%) and test (20%) sets. We selected different numbers of genera to build a random forest (RF) model, screened the main genera by MeanDecreaseAccuracy and MeanDecreaseGin (28), cross-validated the model, and drew a receiver operating characteristic (ROC) curve to evaluate the optimal model describing the main differential genera between groups. A two-sided P < 0.05 was considered statistically significant.




3 Results


3.1 Patient demographics and clinical characteristics

Among the 37 patients taking anti-PD-1 therapy, three patients developed irAEs. An additional 33 patients with irAEs were included, four without pre-irAE treatment fecal samples. Thus, a total of 34 patients without irAEs (from patients with thoracic cancers taking anti-PD-1 therapies) and 32 patients with irAEs (from both cohorts) were included in the microbiota analysis (Figure 1 and Supplementary Figure S1).




Figure 1 | Flow diagram of participant enrollment and fecal sample collection in the anti-PD-1 therapy and irAE cohorts. N, number of patients; n, number of samples. PD-1, programmed death-1; irAE, immune-related adverse event; ICIs, immune checkpoint inhibitors.



Among patients without irAEs, 47.1% and 41.2% had histologically confirmed adenocarcinoma and squamous cell carcinoma of the lung, respectively. 97.1% of patients were treated with anti-PD-1 therapy combined with chemotherapy or targeted therapy. Anti-PD-1 therapy resulted in partial responses (PR) in 52.9% and stable disease (SD) in 41.2% of patients, with a median PFS of 160 days. During subsequent anti-PD-1 therapy, four patients progressed: one patient from PR to SD, two patients from SD to progressive disease (PD), and one patient from PR to PD (Supplementary Table 2 and Supplementary Figure S1).

Among patients with irAEs, 78.1% had lung cancer and 90.6% were treated with anti-PD-1 therapy combined with chemotherapy or targeted therapy. In this group, anti-PD-1 therapy was also mainly effective; PR in 56.3% and SD in 40.6%, with only one patient developing PD. The median PFS was 249.5 days. Grade 1-2 and grade 3-4 irAEs were present in 40.6% and 59.4% of patients, respectively, with 84.4% having one irAE and 15.6% multiple irAEs. There were 38 irAEs in total: colitis (8/38), pneumonitis (7/38), asymptomatic elevations in amylase/lipase or pancreatitis (6/38), transaminitis (5/38), rashes (4/38), myocarditis (3/38), acute kidney injury (3/38), myositis (1/38), and hyperglycemia-related diabetic ketoacidosis (1/38) (Supplementary Table 2).

After treatment with glucocorticoids, immunomodulators, or biologics, 21 samples were obtained from patients achieving irAE remission and 5 samples from patients who failed to respond. Among irAE remission patients, 6 patients resumed anti-PD-1 therapy but 3 relapsed with further irAEs (Supplementary Table 2; Figure 1 and Supplementary Figure S1).



3.2 Differences in the gut microbiota of patients with and without irAEs

We compared differences in microbiota composition between patients who did and did not develop irAEs at the timepoint of sample collection after anti-PD-1 therapy. Fifty samples from 34 patients without irAEs and 32 samples from 32 patients with irAEs were finally included in the analyses. The demographic and clinical characteristics of these patients were generally balanced between the two groups (Supplementary Table 2). There were 1664 common OTUs and 1638 and 1539 differential OTUs in patients who had taken ICIs and did and did not develop irAEs, respectively. A PCoA plot revealed significant differences in microbiota composition between patients who did and did not develop irAEs (Adonis: P=0.001) (Figure 2A). These differences in microbiota structure were also confirmed by MRPP (P=0.001) and AMOVA (P<0.001) analyses. These differences persisted when patients with colitic irAEs were excluded from the analysis (Adonis: P=0.002) (Figure 2B). The median α-diversity in the non-irAE group was higher than that of the irAE group, with a trend toward a significant difference in observed species (P=0.06) (Figure 2C). There were also differences in β-diversity as assessed by Bray-Curtis and weighted Unifrac distances (P<0.001) (Figure 2D).




Figure 2 | The microbiota of patients with and without irAEs. (A) PCoA plot of intestinal microbiota in patients with and without irAEs; (B) PCoA plot of intestinal microbiota in patients with non-colitic irAEs and patients without irAEs; (C) Box plot of α-diversity by observed species; (D) Box plot of β-diversity by Bray-Curtis distance of intestinal microbiota; LEfSe analysis of intestinal microbiota at the phylum level (E) and genus level (F); Mean decrease in accuracy and mean decrease in Gini coefficient (G), training set AUC (H), and test set AUC (I) by random forest analysis at the genus level. AUC, area under the curve; ICIs, immune-checkpoint inhibitors; irAE, immune-related adverse event; LEfSe, LDA effect size; PCoA, principal coordinates analysis; w/, with; w/o, without. ***P < 0.001.



LEfSe analysis revealed that patients who developed irAEs had a higher abundance of Fusobacteriota and a lower abundance of Actinobacteriota at the phylum level and a higher abundance of Erysipelatoclostridium and lower abundance of Bifidobacterium, Faecalibacterium, and Agathobacter at the genus level compared with those not developing irAEs (Figures 2E, F).

Finally, RF analysis established a predictive model for irAE occurrence with AUCs of 86.35% in the training set and 91.67% in the test set consisting of ten main differential genera led by Gemella, Dubosiella, and Atopobium (Figures 2G–I).

We further compared the 13 patients with grade 1-2 irAEs and 19 patients with grade 3-4 irAEs. There were no significant differences in demographic and clinical characteristics between groups, except for the gender (P=0.029) (Supplementary Table 3). There were 1122 common OTUs and 180 and 2000 differential OTUs in grade 1/2 irAE and grade 3/4 irAE patients, respectively (Supplementary Figure S2A). Histograms showed that the microbiota composition was different between grade 1/2 irAE and grade 3/4 irAE patients at the phylum and genus levels (Supplementary Figures S2B, C), as did the PCoA plot (Adonis: P=0.068; MRPP: P=0.058; AMOVA: P=0.065). The microbiota composition of grade 3/4 irAE patients was more dispersed (Supplementary Figure S2D), with the β-diversity calculated by Bray-Curtis and weighted Unifrac distances supporting these differences (P<0.001) (Supplementary Figure S2E). However, there was no significant difference in α-diversity between these two groups (P=0.69). LEfSe analysis revealed that grade 3/4 irAE patients had a higher abundance of Streptococcus and a lower abundance of Agathobacter at the genus level compared with grade 1/2 irAE patients (Supplementary Figure S2F).

Considering that there were differences between groups with respect to some demographic and clinical characteristics, we further compared microbiota differences in irAE patients according to gender, age, tumor type, and disease stage to exclude potential confounding effects of these clinical and pathological variables. PCoA revealed no significant differences in microbiota composition with respect to gender, age, tumor type, and disease stage (Supplementary Figures S3A-D).



3.3 Differences in the gut microbiota of patients with colitic and non-colitic irAEs

IrAEs involved a variety of different organs. There were 162 common OTUs and 1281, 83, 87, 13, 55, 12, 26, 25, and 50 differential OTUs in patients with irAEs involving the gastrointestinal tract, liver, lung, muscle, pancreas, skin, endocrine, heart, and kidney, respectively. The PCoA plot also revealed that the gut microbiota of patients with irAEs involving the gastrointestinal tract was quite distinct from patients with irAEs involving other organs (Figure 3A).




Figure 3 | The gut microbiota of patients with colitic- and non-colitic-type irAEs. (A) PCoA plot of microbiota in patients with different kinds of irAEs; (B) PCoA plot of intestinal microbiota of patients with colitic and non-colitic irAEs; Box plots of α-diversity by observed species (C) and β-diversity by the Bray-Curtis method (D) of intestinal microbiota in patients with colitic and non-colitic irAEs; LEfSe analysis of intestinal microbiota at the phylum (E) and genus (F) levels in patients with colitic- and non-colitic irAEs. Abbreviations: irAE, immune-related adverse event; LEfSe, LDA effect size; PCoA, principal coordinates analysis. ***P < 0.001.



We speculated that occurrence of colitic type irAEs was different to the other types and especially related to the gut microbiota. Thus, irAEs were further classified into colitic and non-colitic irAEs. There were no significant differences in the demographic and clinical characteristics of these two groups, except for the tumor type (P=0.02) (Supplementary Table 4). There were 1159 common OTUs and 1555 and 588 differential OTUs in colitic and non-colitic irAE patients, respectively. The PCoA plot also revealed a significant difference in gut microbiota composition between these two groups (Adonis: P=0.003; MRPP: P=0.006; AMOVA: P=0.002) (Figure 3B). The median α-diversity in colitic irAE patients was higher than that of non-colitic irAE patients, with a non-significant trend in differences in observed species (P=0.10) (Figure 3C). The β-diversity was significantly different between groups by both Bray-Curtis and weighted Unifrac distances (P<0.001) (Figure 3D). LEfSe analysis of the main differences detected a lower abundance of Bacteroidota and a higher abundance of Proteobacteria at the phylum level and a lower abundance of Bacteroides and Bifidobacterium and higher abundance of Enterococcus at the genus level in colitic irAE compared with non-colitic irAE (Figures 3E, F).



3.4 The causal role of the gut microbiota in immune-related colitis development in a humanized microbiota mouse model

Although the above analysis revealed an association between the gut microbiota and irAEs, the causal relationship between the microbiota and irAEs or vice versa remained uncertain. Therefore, we performed FMT experiments using human donor feces in mice to explore causality.

Three of nine colitic-irAE-FMT mice developed fatal severe colitis, while all nine non-irAE-FMT mice survived without colitis (P=0.052) (Figure 4A). Weight loss was more rapid and disease activity index (DAI) scores were higher in the three colitic mice than the other mice (Figures 4B, C). The irAE-FMT-Sac. mouse had a shorter colon (5.8 cm) than non-irAE-FMT mice (7.2 ± 0.7 cm) and colitic-irAE-FMT-survival mice (6.9 ± 0.7 cm) (Figure 4D), and the histological score in the irAE-FMT-Sac. mouse (14 points) was higher than those in the non-irAE-FMT mice (3.89 ± 1.17 points) and colitic-irAE-FMT-survival mice (3.67 ± 1.03 points) (Figures 4E, G). The mean IHC scores in the irAE-FMT-Sac. mouse from high to low were CD8 3.8 ± 1.3 points, CD4 2.0 ± 1.9 points, and CD20 1.1 ± 1.3 points (Figures 4F, H). Relative colonic Il6 and Tnf mRNA levels were also higher in the irAE-FMT-Sac. mouse (Il6: 90.68 and Tnf: 3.13) than the non-irAE-FMT mice (Il6: 1.12 ± 0.53 and Tnf: 1.28 ± 0.92) and colitic-irAE-FMT-survival mice (Il6: 2.26 ± 2.24 and Tnf: 1.09 ± 0.46) (Figures 4I, J).




Figure 4 | Comparison of colitis in colitic-irAE-FMT and non-irAE-FMT mice. (A) Survival curve; (B) Relative body weight change; (C) DAI scores; (D) Colon length; (E) Histological scoring of colonic tissue; (F) IHC scoring of CD4, CD8, and CD20 in colonic tissue from mice developing colitis; (G) HE-stained mouse colon tissue sections (100×); (H) CD4, CD8, and CD20 expression in mouse developing colitis by IHC (100×); (I) Colonic Il6 mRNA levels; (J) Colonic Tnf mRNA levels by qRT-PCR with Gapdh as the internal reference. (Non-irAE-FMT n=9; irAE-FMT-survival n=6; irAE-FMT-death n=3; irAE-FMT-Sac. n=1). DAI, disease activity index; FMT, fecal microbiota transplantation; HE, hematoxylin-eosin; ICIs, immune checkpoint inhibitors; IHC, immunohistochemistry; Il6, interleukin-6; irAE, immune-related adverse event; Tnf, tumor necrosis factor. *P < 0.05, ***P < 0.001.



Microbiota analyses showed the microbiota composition of donors with colitic irAE and without irAE were different at phylum and genus levels (Supplementary Figure S4A). Furthermore, longitudinal microbiota analysis revealed significant changes from baseline to after antibiotic treatment, although the microbiota was stable from FMT to euthanasia at phylum and genus levels in both colitic-irAE-FMT and non-irAE-FMT mice (Supplementary Figures S4B, C). After FMT, the microbiota differed between irAE-FMT mice and non-irAE-FMT mice. However, in irAE-FMT mice, there was no significant difference in microbiota composition between mice developing colitis (irAE-FMT-Sac.) or those not developing colitis (irAE-FMT-survival) (Supplementary Figure S4D). In colitic-irAE-FMT mice, there was a decrease in beneficial genera and increase in harmful genera with immune-related colitis development (Supplementary Figure S4E); the mean relative abundance of beneficial genera was lower and harmful genera higher in the irAE-FMT-Sac. mouse compared with irAE-FMT-survival and non-irAE FMT mice (Supplementary Table 5 and Supplementary Figure S4F).



3.5 IrAE patients express microbiomes representing different metabolism pathways

We next performed functional prediction analysis to explore the underlying mechanisms by which the microbiota influence irAE development. The main differential pathways between patients who did and did not develop irAEs included the two-component system (P=0.044), starch and sucrose metabolism (P=0.029), pyruvate metabolism (P<0.001), mitochondrial biogenesis (P=0.044), and glycolysis/gluconeogenesis (P=0.031). Other differential pathways were lipid, amino acid, and vitamin metabolism including vitamin B6 metabolism (P=0.044), biotin metabolism (P=0.042), nicotinate and nicotinamide metabolism (P<0.001), amino acid metabolism (P=0.034), fatty acid biosynthesis (P=0.014), and fatty acid degradation (P=0.049) (Figure 5A and Supplementary Figure S5).




Figure 5 | Functional predictions of the gut microbiota between different groups. Top 30 significantly different KEGG pathways with the highest abundance at level 3 between patients with and without irAEs (A) and between patients with colitic and non-colitic irAEs (B); Box plot of main butyrate-producing bacteria abundance between patients with and without irAEs (C) and between patients with colitic- and non-colitic-type irAEs (D). ICIs, immune checkpoint inhibitors; irAE, immune-related adverse event; KEGG, Kyoto Encyclopedia of Genes and Genome; w/, with; w/o, without. *P < 0.05, **P < 0.01.



Differential pathways between patients with colitic and non-colitic irAEs included the two-component system (P=0.011), amino acid-related enzymes (P<0.001), ABC transporters (P=0.041), and exosomes (P=0.013). In addition to sugar and fatty acid pathways, the pathways of several amino acids were also significantly different including alanine, aspartate, and glutamate metabolism (P=0.017), cysteine and methionine metabolism (P=0.028), and phenylalanine, tyrosine, and tryptophan biosynthesis metabolism (P=0.032) (Figure 5B and Supplementary Figure S6).

As mentioned above, both Faecalibacterium and Agathobacter genera are butyrate-producing bacteria. Thus, we compared the abundance of these main butyrate-producing bacteria and found that the total abundance of butyrate-producing bacteria (P=0.007), Faecalibacterium (P=0.002), and Agathobacter (P=0.002) was lower in patients who developed irAEs (Figure 5C). There was also a lower abundance of the total main butyrate-producing bacteria (P=0.018), Roseburia (P=0.039), and Subdoligranulum (P=0.046) in colitic irAE compared with non-colitic irAE (Figure 5D).



3.6 Gut microbiota remained stable after ICI and irAE treatment

Finally, we assessed the relationship between microbiota and ICI and irAE treatment. Thirty-four pre-ICI samples from 34 patients and 50 post-ICI samples from 34 patients without irAEs were included in the analyses to compare the microbiota of patients before and after ICI therapy. There were 2395 common OTUs and 456 and 808 differential OTUs in pre- and post-ICI patients, respectively (Supplementary Figure S7A). Histograms of microbiota composition at phylum and genus levels and the PCoA plot revealed no significant differences between pre- and post-ICI patients (Adonis: P=0.96) (Supplementary Figures S7B-D). Also, the α-diversity by observed species index (P=0.66) and β-diversity by weighted Unifrac distance (P=0.19) were not significantly different (Supplementary Figures S7E, F).

We also compared the microbiota composition of irAE patients before and after irAE treatment (32 and 26 samples, respectively) and found no significant differences (Adonis: P=0.77). However, the β-diversity was higher by Bray-Curtis distance after irAE treatment (P=0.02) (Supplementary Figure S8).




4 Discussion

Here we explored the association between the gut microbiota and the development of irAEs. We show that: (i) the gut microbiota differs significantly in patients who do and do not develop irAEs after ICI treatment; (ii) the gut microbiota differs significantly between patients with colitic and non-colitic irAEs; (iii) the gut microbiota partially determined the occurrence of immune-related colitis in the mouse model; and (iv) patients with irAEs express microbiomes with different environmental information processing, genetic information processing, and metabolism pathways.

There have been several studies on the role of the gut microbiota in irAE occurrence. The baseline microbiota has been widely reported to shape irAE/immune-related colitis occurrence and development, but mainly in the context of metastatic melanoma and NSCLC by 16S sequencing or shotgun metagenomics (11, 12, 14, 15, 29, 30). Our study provides new data in different cancer types and adds further weight to a causal relationship between the microbiota and colitis.

There was no significant difference in α-diversity (species richness in the gut microbiome within a single sample) in patients who did and did not develop irAEs. However, the β-diversity, which measures microbial composition heterogeneity between samples, was higher in patients who developed irAEs compared with those who did not, consistent with previous studies (11, 15). We therefore speculate that the occurrence of irAEs depends more on microbiota composition (i.e., presence or absence of certain organisms) rather than the species richness. Indeed, patients who did not develop irAEs had a higher abundance of Bifidobacterium, Faecalibacterium, and Agathobacter. As a probiotic, Bifidobacterium protects against immune-related colitis by modulating Treg cell metabolism through an IL-10/IL-10Rα self-stimulatory loop and reducing levels of inflammatory cytokines IL-6, CSF3, and KC (31, 32). Bifidobacterium also appears to influence the clinical efficacy of ICIs (10), perhaps by modulating the activation of dendritic cells (33), and similarly Faecalibacterium also favors ICI efficacy (5, 12). Here we found that organisms in the Faecalibacterium genus tended to be more enriched in patients without irAEs, consistent with another study of patients receiving anti-PD-1 therapy (15). Conversely, Chaput et al. reported that abundant baseline Faecalibacterium was associated with colitis in patients receiving anti-CTLA-4 therapy (12). This discrepancy might be due to the context-dependent pro-inflammatory and anti-inflammatory effects of Faecalibacterium (34). Agathobacter, a butyrate-producing bacterium reported to be associated with ICI efficacy (13, 35), protected against irAEs in our study. We also compared the microbiota of patients with irAEs of different severity. Compared with those in mild-moderate irAE patients, the microbiota of severe irAE patients were more heterogeneous. Our results implicate the Agathobacter genus as protective against irAE occurrence and severity.

The microbiota of patients with colitic irAE was particularly different to those with irAEs affecting other organs. Patients with colitic irAE had a lower abundance of Bacteroides and Bifidobacterium genera. Usyk et al. recently reported that the presence of Bacteroides vulgatus and Bacteroides dorei predicts irAEs in patients with metastatic melanoma (14), and several studies have shown that higher representation of members of the Bacteroidetes phylum or its prominent genus Bacteroides is associated with protection from colitis (11, 12). This protective function might be related to the production of polysaccharide A, which might facilitate the development and function of Tregs (36). However, Andrews et al. found that Bacteroides intestinalis upregulated mucosal IL-1β and mediated immune-related colitis (37), suggesting that a more detailed species-level analysis is warranted.

It is worth considering whether microbiota differences resulted in immune-related colitis or whether the immune-related colitis disturbed the gut microbiota. This is, of course, impossible to establish in an observational study of clinical data. However, preclinical studies have provided some clues. For example, pre-treatment with vancomycin worsened immune-related colitis in mice, while administration of Bifidobacterium or Lactobacillus reuteri both alleviated the colitis (31, 38). These data suggest that the microbiota composition contributes to the development of immune-related colitis and that supplementation with probiotics to alter the gut microbiota effectively alleviates colitis. Even when colitic irAE patients in whom the microbiota may be influenced by the irAE were excluded, there were still significant differences between patients with and without irAEs. This evidence favors microbiota contributing to the occurrence of irAEs. Furthermore, our experiments in mice indicated that the gut microbiome caused immune-related colitis. After antibiotic treatment and establishment of humanized gut microbiota from colitic-irAE patients and non-irAE patients, colitis only occurred in the colitic-irAE-FMT mice after combined anti-PD-1 and anti-CTLA-4 treatment. The higher representation of CD8 compared with CD4 and CD20 cells by IHC further indicated that ICI-related colitis occurred in mice. Mouse microbiota analysis also supported the findings of microbiota differences in patients with and without irAEs. However, perhaps not surprisingly, not all colitic-irAE-FMT mice developed colitis, since other immune factors are likely to be involved in the pathogenesis of microbiota-related colitis.

Our functional analyses of patients with and without irAEs revealed a set of differentially expressed pathways mainly involved in environmental information processing, genetic information processing, and metabolism, e.g., sugar, lipid, amino acid, and purine and vitamin metabolism. Further analysis revealed that these differences were particularly significant in colitic irAE, suggesting that the pathogenesis of immune-related colitis may be highly related to gut microbiota-mediated mechanisms. While Mager et al. found that the microbiome could modulate ICI efficacy through the actions of the bacteria-derived metabolite inosine (39), there are still very few studies on the mechanism of action of microbiota and irAEs. Microbiota-derived metabolites such as short-chain fatty acids (SCFAs), bacterial tryptophan catabolites, branched chain amino acids (BCAAs), and vitamins play a role in immune-mediated inflammatory diseases including autoimmune disease and IBD (40), providing clues about the role of metabolism in irAEs and immune-related colitis. Butyrate is one of the most important SCFAs and is widely reported to be associated with anti-tumor efficacy (41) and immune-related diseases, and Chen et al. reported that butyrate can alleviate anti-PD-1/PD-L1-related cardiotoxicity (42). We also found decreased abundance of butyrate-producing bacteria in patients with irAEs, especially colitic irAE. With respect to other metabolites, amino acids can undergo complex processing to produce toxic compounds such as amines, phenols/indoles, and sulphurous compounds (43). Furthermore, pyruvate has also been reported to enhance immune responses by inducing dendrite protrusion from intestinal CX3CR1+ cells (44). We also observed differences in B vitamin pathways (vitamin B6, biotin, and niacin) in irAE patients, which are reported to regulate host immunity (45, 46).

There is still relatively little information on genetic information processing pathways in irAE patients, although several studies on breast cancer and IBD have reported similar findings (47, 48). The two-component system pathway was also more abundant in irAE patients, especially those with colitic irAE, perhaps reflecting bacterial responses to external stimuli. We speculate that these pathways might mediate irAEs by affecting bacterial growth, replication, and signaling, thereby affecting bacterial functions such as metabolism.

We also performed random forest modelling to distinguish patients with and without irAEs, and the resultant model achieved good performance for predicting irAEs. Of the three leading genera in the model, Atopobium parvulum is a key network hub of H2S producers that induces colitis (49), and it has previously been implicated in the development of intramucosal carcinomas (50). Gemella (51) and Dubosiella (52), involved in the synthesis of short-chain fatty acids (SCFAs), may also be related to protection from colitis. However, as random forests are nonlinear, it is difficult to explain the functional contribution of the individual biomarkers based on previous studies or putative mechanisms. Although there was no obvious change in the gut microbiota before and after ICI treatment, whether a predictive model based on post-ICI microbiota is the best choice of sample for predictive biomarkers still needs to be verified. Furthermore, the small sample size might lead to model overfitting, so extensive external validation is also required.

Interestingly, we found that the gut microbiota did not significantly change after anti-PD-1 therapy or irAE treatment, further suggesting that the baseline microbiota may shape ICI efficacy and irAE occurrence, and the microbiota remained stable after therapy initiation (12, 14, 30). Two recent clinical studies showed that FMT from ICI responders to primary non-responders partially reversed ICI efficacy in melanoma patients (8, 9). All these data suggest that altering the baseline microbiota may contribute to improving the ICI efficacy and avoiding irAEs.

There are several limitations to our study. The sample size was relatively small and the incidence of irAEs generally low (53). Therefore, subgroup analyses may have lacked statistical power or were not possible, for instance for comparing the microbiota of patients with different types of irAE. Furthermore, the efficacy of anti-PD-1 therapy combined with chemotherapy can be as high as 84.6% in advanced NSCLC patients (54), so we could not analyze associations between microbiota composition and ICI efficacy. We prospectively collected fecal samples from patients initially treated with ICIs, and only 3/37 patients developed irAEs, so baseline fecal samples before ICI treatment were generally lacking. Finally, functional analyses were performed based on 16S rDNA amplicon sequencing rather than the newer, more granular metagenomic sequencing and metabolomics analyses.

In conclusion, we detected significant differences in the gut microbiota of patients with and without irAEs and between patients with colitic and non-colitic irAE. FMT experiments from humans to mice indicated a causal link between the gut microbiota and immune-related colitis. We also built a predictive irAE model to identify patients at high risk of irAEs, who may particularly benefit from strategies to prevent irAEs such as by altering the gut microbiota. IrAEs, especially immune-related colitis, seem to be driven by metabolic mechanisms. The roles of the gut microbiota in irAEs and immune-related colitis require further verification in larger studies, and the predictive model for irAEs needs validating in external, independent patient cohorts. Metabolomics research is now needed to better identify and understand the protective protagonists and potential underlying protective mechanisms. Supplementation with probiotics to prevent and attenuate irAEs should also be considered given that they are generally safe and easy to administer.
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Background

Metabolic disorders caused by intestinal microbial dysregulation are considered to be important causes of gestational diabetes mellitus (GDM). Increasing evidence suggests that the diversity and composition of gut microbes are altered in disease states, yet the critical microbes and mechanisms of disease regulation remain unidentified.





Methods

PubMed® (National Library of Medicine, Bethesda, MD, USA), Embase® (Elsevier, Amsterdam, the Netherlands), the Web of Science™ (Clarivate™, Philadelphia, PA, USA), and the Cochrane Library databases were searched to identify articles published between 7 July 2012 and 7 July 2022 reporting on case–control and controlled studies that analyzed differences in enterobacteria between patients with GDM and healthy individuals. Information on the relative abundance of enterobacteria was collected for comparative diversity comparison, and enterobacterial differences were analyzed using random effects to calculate standardized mean differences at a p-value of 5%.





Results

A total of 22 studies were included in this review, involving a total of 965 GDM patients and 1,508 healthy control participants. Alpha diversity did not differ between the participant groups, but beta diversity was significantly different. Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria were the dominant bacteria, but there was no significant difference between the two groups. Qualitative analysis showed differences between the groups in the Firmicutes/Bacteroidetes ratio, Blautia, and Collinsella, but these differences were not statistically different.





Conclusion

Enterobacterial profiles were significantly different between the GDM and non-GDM populations. Alpha diversity in patients with GDM is similar to that in healthy people, but beta diversity is significantly different. Firmicutes/Bacteroidetes ratios were significantly increased in GDM, and this, as well as changes in the abundance of species of Blautia and Collinsella, may be responsible for changes in microbiota diversity. Although the results of our meta-analysis are encouraging, more well-conducted studies are needed to clarify the role of the gut microbiome in GDM. The systematic review was registered with PROSPERO (https://www.crd.york.ac.uk/prospero/) as CRD42022357391.
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1 Introduction

Gestational diabetes mellitus (GDM) is characterized by insufficient insulin secretion and impaired glucose intolerance during pregnancy (1). It has been estimated that over the past 20 years the worldwide prevalence of GDM has been up to 14% of pregnancies, though estimates may vary among regions depending on diagnostic criteria (2). GDM has been associated with adverse pregnancy outcomes among pregnant women including dystocia, macrosomia, neonatal hypoglycemia, and birth injuries (3). In addition, it has been reported that, in the long run, GDM is associated with type 2 diabetes mellitus (T2DM), metabolic syndrome, and cardiovascular disease, making it more potential of developing T2DM than ordinary pregnancies. It is generally believed that GDM develops when pancreatic beta cells fail to produce sufficient insulin to meet the demands of the relevant tissues for blood glucose regulation (4, 5). Therefore, GDM can be considered a manifestation of prediabetes in the form of impaired glucose tolerance in non-pregnant individuals (1). Undoubtedly, diagnosis and treatment can not only reduce the risk of perinatal complications but can also reduce the economic burden on both patients and countries. The human gut microbiota is considered to have a profound influence on host metabolism (6), and alteration of the homeostasis of the intestinal microbiota can have far-reaching consequences. For instance, a reduced number of bacteria such as bifidobacteria and Bacteroides affects lipid metabolism, whereas an increased number of enterobacteria can lead to insulin resistance (6–9). Although previous studies have explored different populations, most have focused on the components of and changes in the gut microbiota in GDM during different pregnancy periods. Few studies have explored differences in the microbiota in patients with GDM and healthy controls. In addition, the results have been inconsistent and findings cannot be reproduced. Specific and meticulous pathogenesis remains to be identified.

Various mechanisms explaining the link between the gut microbiota and GDM have been proposed. A lack of SCFAs (short-chain fatty acids) is one reason that has been suggested. This is particularly common among those consuming Western-style diets, which are known to be low in fiber and digestible carbohydrates, which may contribute to a reduction in microbial diversity and cause microbial dysbiosis. Such diets could also change the profile of gut microbiota, so as to impair the integrity of the wall of the intestine and cause gut permeability. Thus, one effect of insufficient SCFAs may be translocation of toxins from the gut lumen to the systemic circulation (10).

Another proposed mechanism is associated with some other foods, such as fish and red meat. The intestinal flora can produce trimethylamine N-oxide (TMAO) by metabolizing those meat, thus affecting the immune system. In addition, activation of the intracellular thioredoxin-interacting protein (TXNIP) leads to an in increase in the expression of the NLRP3 gene [NOD-like receptor (NLR) family pyrin domain containing 3] and increased inflammatory markers in blood, especially tumor necrosis factor-α (TNF-α), interleukin 6 (IL-6), interleukin 18 (IL-18), and interleukin-1β (IL-1β)  (11–13). Dietary TMAO then further increases fasting insulin levels and homeostasis model assessment for insulin resistance (HOMA-IR) by inducing adipose tissue inflammation (14), exacerbating impaired glucose tolerance. The mechanisms affected by the gut microbiota may indicate possible treatments for diabetes mellitus.

The aim of this review was to collect evidence from cohort and case–control studies to provide a theoretical basis for the diagnosis, intervention, and treatment of diseases linked to the gut microbiota by analyzing differences in enterobacteria and exploring inflammation and possible immune mechanisms associated with disease pathophysiology.




2 Materials and methods

The scheme of the metareview has been registered with PROPSERO (as CRD42022357391) and searches were conducted in accordance with the updated 2008 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (15) and checklist.



2.1 Data sources and search strategy

A systematic literature search of four databases [PubMed® (National Library of Medicine, Bethesda, MD, USA), the Cochrane Library, Embase® (Elsevier, Amsterdam, the Netherlands), and Web of Science™ (Clarivate™, Philadelphia, PA, USA)] was conducted by combining medical subject headings (MeSH) words with free words. We selected articles in English published between 7 July 2012 and 7 July 2022 and focused on human studies.

The search strategy was built by combining the following MeSH words with free words: (((“Diet”[Mesh]) OR (“Life Style”[Mesh]) OR (“Exercise”[Mesh]) OR (“Motor Activity”[Mesh]) OR (“Probiotics”[Mesh]) AND ((“Cohort Studies”[Mesh]) OR (Cohort studies [Title/Abstract])) AND ((16S rRNA [Title/Abstract])) AND ((“Diabetes, Gestational”[Mesh])). Various free words were added to improve the search results and identify articles that might otherwise have been missed. The search strings are provided in Supplementary Table 1.




2.2 Eligibility criteria

Titles and abstracts were screened by two investigators. Any disagreements between the two researchers were resolved by a third one. Before the formal literature selection, the three investigators were trained to ensure that they had consistent screening standards. Studies were included if they met the following criteria (1): they were cohort studies or case studies among pregnant women with GDM (2); metagenomics sequencing or 16S rRNA sequence analysis was carried out (3); they reported maternal outcomes such as HbA1c, fasting blood glucose level, and gestational weight gain (4); they were published from 7 July 2012 to 7 July 2022 (5); they were published in English; and (6) the population studied was aged >18 years.

Articles were excluded if they met any of the following criteria (1): they reported on trials that were not carried out in humans (2); they were non-randomized controlled studies (3); they analyzed probiotics in conjunction with other GDM therapies in the same intervention group (4); they were abstracts, case reports, expert opinions, reviews, letters, or editorials; or (5) they lacked sufficient data or did not meet the inclusion criteria.




2.3 Data extraction and synthesis

Articles on pregnant women under 45 years old who had been diagnosed with GDM at a specific time point were chosen. The diagnosis of GDM was confirmed by a national or international standard. A further requirement was that the control groups should be healthy and the GDM group should not also have other metabolic diseases.

All articles were screened, and those deemed ineligible by the two researchers were removed; any disagreements were resolved by the third researcher. Detailed information was then recorded in an Excel spreadsheet. This included basic information such as authors, publication year, district, and study types, as well as maternal outcomes such as HbA1c and fasting blood glucose levels and details of the gut microbiome, including diversities in richness, evenness, and similarity between communities.




2.4 Quality assessment and risk of bias

We used the Newcastle–Ottawa Scale (NOS), which was developed for the assessment of cohort studies and case studies, to score the included studies (16). For the purpose of reaching accurate methodological quality, the NOS was evaluated through three dimensions (1): selection (2), comparability, and (3) outcome. A quality score ranging from 0 to 9 was obtained through a rating algorithm, with a score of 0–5 meaning poor quality, a score of 6–7 meaning moderate quality, and a score of 8–9 meaning high quality. The specific scores of each article according to the NOS are shown in Figure 1 and Supplementary Table 2.




Figure 1 | The PRISMA flow diagram of study identification.






2.5 Statistical analysis

Standardized mean differences (SDMs) were used to summarize and study differences among the studies and relevant measures, and 95% confidence intervals (CI) were used to estimate the differences in gut microbiota diversity between the GDM and the non-GDM groups. Operational taxonomic unit (OTU) data for each study were analyzed using RevMan 5.3 software, provided by the Cochrane Collaboration Network. Meta-analysis was performed using a random-effects model or a fixed-effects model. Sensitivity analyses were performed using the Egger test. Forest plots were created to visualize differences in microbial community structure between samples using a random-effects (RE) model and a fixed-effects (FE) model according to the reported I2-value. An I2-value > 50% and a p-value > 0.05 were considered statistically significant (17).

Qualitative data, such as the relative abundance of specific genera, were recorded for analysis. Subgroup analyses for confounding factors, such as diet, were performed. Because qualitative beta diversity was not provided, descriptive analyses could not be performed. We therefore chose to perform semiquantitative analysis. If two or more articles reported consistent study results, it was considered that the results were related to the disease and were worthy of further exploration and explanation.





3 Results



3.1 Search results and study eligibility

A total of 632 articles identified from four databases (PubMed, 155; Embase, 34; the Cochrane Library, 48; and Web of Science, 395) were retrieved. Of these, 106 articles were duplicates and were removed, 354 articles were excluded because they reported on different study purposes, and 20 were excluded because they described other study designs. After excluding publications that did not meet the inclusion criteria, 22 (8, 18–27) studies remained and were subjected to full-text scanning for this systematic review. The flow chart illustrating the selection process is provided in Figure 1.

Among all the selected studies, 18 studies were conducted in Asia (16 from China, one from Malaysia, and one from Japan). Nine were cohort studies, while 13 were case studies. The age of the participants ranged from 28 to 45 years. The information on participants that was recorded included findings related to blood biochemistry, chronic inflammation, and biomarkers. Most of these studies used the International Association of Diabetes Pregnancy Group’s criteria; only one study, from Thailand, chose its own criteria (22). Owing to different methodologies of analysis, the storage temperature of the stool sample varied (–20°C in one study and –80°C in 19 studies). We focused on the differences emerging when comparing GDM patients with healthy people. One article divided participants into four groups according to their blood pressure and lipid measurement (20). Therefore, we took only the GDM group and the healthy group into consideration. One article did not exclude those who had probiotics or antibiotic treatment during pregnancy (23). Only two articles included the sample size calculation, which makes these studies more reliable than the others (18, 28) (Supplementary Table 4).




3.2 Quality of included studies

Quality was assessed using the NOS. Each study was evaluated based on three criteria, namely selection of the participants, comparability of groups (i.e., absence of confounder bias), and exposure (measurement of outcome influencing). Ten articles were assessed as being of fair quality and 12 as being of good quality, no studies were of poor quality The detailed scores for every study are shown in Figure 2.




Figure 2 | Quality score of included articles calculated using the NOS. The overall article quality score and risk of publication bias are obtained by calculating three indicators.






3.3 GDM detection and study criteria

In general, GDM is diagnosed at 24–28 gestational weeks, using established criteria from the International Association of Diabetes and Pregnancy Study Groups (IADPSG) based on the results of a standard 2-h, 75-g oral glucose tolerance test (OGTT) (29). Pregnant women are diagnosed with GDM if one or more glucose levels is elevated, as follows: fasting ≥ 5.1 mmol/L, 1 h ≥ 10.0 mmol/L, and 2 h ≥ 8.5 mmol/L.

The basic demographics and clinical characteristics of the participants are shown in Supplementary Table 3. The included studies involved 965 participants with GDM and 1,508 healthy people. Only four studies recorded and accounted for pre-study body mass index (BMI) in order to obtain more objective results (18, 19, 28, 30). Participants with other metabolic diseases or who had been treated with antibiotics or probiotics were excluded.




3.4 Methodological characteristics of selected articles about stool sample

Stool samples were generally stored at –80°C, except in one study, in which the samples were stored at –20°C (18). Studies used a wide range of DNA extraction kits. Only the QIAamp Fast DNA StoolMini Kit (Portsmouth, NH, USA) was used more than twice. Target DNA sequencing in the V3–V4 region was the most common technique, used in 15 studies, whereas four studies (20, 21, 31, 32) sequenced in the V4 region, one (23) sequenced in the V1–V2 region, and one (26) sequenced in the V6–V8 region. There were four criteria for defining clustering of OTUs, namely 95% OTUs (1/22), 97% OTUs (13/22), 99% OTUs (5/22), and 100% OTUs (1/22). Taxonomy annotation was conducted mostly with an RDP (Ribosomal Database Project) classifier trained on the SILVA (6/20), RDP (3/22), and Greengenes (5/22) databases. Specific information is shown in Supplementary Table 4.




3.5 Alpha diversity and beta diversity

Diversities are commonly known as alpha diversity and beta diversity. They are used to describe the species composition of the gut microbiota, which may be considered a significant factor influencing outcomes.

Alpha diversity can predict both the number of the species and individual distribution, known as richness and evenness, and can be measured by the ACE (abundance-based coverage estimator), Chao1, Simpson, and Shannon indexes. Among the included studies, four (18, 19, 33, 34) compared the ACE in GDM and non-GDM patients [SMD –0.28 (95% CI –1.98 to 1.42), p = 0.75, I2 = 98%]. Six studies (18, 19, 24, 33–35) reported the Chao1 index [SMD 0.48 (95% CI 0.23 to 0.73), p < 0.05, I2 = 67%] for quality assessment. The Shannon index [SMD –0.06 (95% CI –0.67, 0.94), p = 0.84, I2 = 88%] was provided in six studies (18, 19, 28, 33–35) and the Simpson index in seven studies (18, 19, 23, 24, 33–35) [SMD –0.44 (95% CI –1.30 to 0.41), p = 0.31, I2 = 95%]. The indexes were the same in each group (Figure 3).




Figure 3 | Forest plot of randomized controlled trials comparing the alpha diversity between GDM and NGDM. (A) plot means SDs of ACE, (B) plot described the Chao1between articles, and (C) plot indicates the result for Shannon index, (D) plot mentioned the Simpson index, which are all reported in studies. Differences between groups are presented as weights (percentages) and SMD (95% CI). CI, confidence interval; IV, inverse variance; SD, standard deviation; SMD, standardized mean difference.



The result for the heterogeneity assessment was not as good as we had anticipated. The I2-value was >50%, indicating strong heterogeneity. The source of this heterogeneity should be further explored. Therefore, we further performed sensitivity analyses, omitting each study in turn, to ensure accuracy and stability of the results. If, after removing an article from the indexes, both the I2-value and the p-value were stable, indicating that the article has stable sensitivity analysis results.

In addition, to test our hypothesis that the results were reliable, we assessed the risk of publication bias using Egger’s tests, based on the symmetry of a funnel chart. The results indicated no evidence of publication bias, since the p-value of each index was above 0.05, showing that the conclusions of the meta-analysis were relatively robust. These results can be seen in Supplementary Figure 1.

As for beta diversity,17 articles reported beta diversity, of which 11 used principal component analysis (PCA) and 10 reported results using principal coordinate analysis (PCoA). We were unable to conduct a robust analysis of beta diversity because results were mostly provided in graphical form, rather than as specific data.




3.6 Subgroup analysis

Owing to the significant statistical heterogeneity encountered in the analysis, several subgroup analyses were conducted separately. Analyses of classifications of gut microbiome and dietary intakes were carried out provided these were reported in at least two articles.

Subgroup analysis of the gut microbiome at genus level showed that the abundances of Blautia [SMD 0.36 (95% CI 0.02 to 0.71), p = 0.04, I2 = 0%] and Collinsella [SMD –4.18 (95% CI –8.73 to 0.38), p = 0.38, I2 = 78.9%] were significantly higher in the GDM group than in the control group. There were no differences in-between groups in the abundances of Clostridium [SMD –0.47 (95% CI –0.92 to –0.01), p = 0.187, I2 = 42.4%] and Faecalibacterium [SMD –0.19 (95% CI –0.42 to 0.04), p = 0.971, I2 = 0%].

Similarly, subgroup analysis showed that high fiber intake, compared with lower fiber intake, protects against GDM [SMD –0.96 (95% CI –0.95 to –0.43), p < 0.05, I2 = 92%], whereas there were no differences between patients and control participants in energy intake [SMD –0.46 (95% CI –1.84 to 0.93), p = 0.52, I2 = 97%], cereal intake [SMD –0.31 (95% CI –0.92 to 0.29), p = 0.31, I2 = 86%], meat intake [SMD –0.08 (95% CI –0.31 to 0.15), p = 0.15, I2 = 93%], or milk intake [SMD –0.66 (95% CI –1.55 to 0.24), p = 0.15, I2 = 93%], although there remained considerable heterogeneity in all analyses. Specific results and data can be viewed in Table 1.


Table 1 | Subgroup analysis of effect of gut microbiota and dietary intake.






3.7 Differences in taxa abundance in the gut microbiota during pregnancy

The current study compared the gut microbiota in patients with GDM and healthy participants. Nine (18, 19, 21, 23, 24, 27, 30, 34, 36) articles analyzed the taxa at the phylum level. Three (18, 19, 24) articles mentioned Firmicutes and concluded that they were less abundant in GDM patients, whereas two (30, 36) articles reported the opposite results. Bacteroidetes are more abundant in GDM patients than in participants without DGM. Two articles (23, 34) reported that the abundance of Actinobacteria was lower in GDM patients than in those without GDM. Four studies (24, 34, 36, 37) reported that the abundance of Proteobacteria was higher in GDM patients than in healthy controls. Only one study (23) reported the opposite. Three studies (24, 27, 30) compared Firmicutes/Bacteroides, two of which (24, 30) found that their abundance was higher in the GDM group.

At the class level, one (21) study mentioned that Rothia, Actinomyces, Bifidobacterium, Adlercreutzia, and Coriobacteriaceae from Actinobacteria were reduced in the GDM population.

At the family level, there were slight differences between studies. Both Veillonellaceae (21, 37) and Prevotella group 9 (30, 37) were increased in GDM patients, whereas Lachnospiraceae and Ruminococcaceae (24) were decreased. Some studies drew controversial conclusions as regard Streptococcaceae, Enterobacteriaceae, Lachnospira, Clostridiales, Clostridia, and Firmicutes. Two (24, 36) studies found that, at the family level, members of the family Clostridiales were increased in GDM patients.

Studies reporting findings at the genus level were the most common. We found enrichment of Ruminococcaceae, Lactococcus, Escherichia, Lachnospiraceae, Clostridia, Alistpes, Firmicutes, and Phascolarctobacterium. Results regarding Streptococcus and Bacteroidetes varied. We also found enrichment of Coprococcus, Staphylococcus, Oscillospira, Burkholderiales, Akkermansia, Prevotella group 9, and Faecalibacterium in participants without GDM. Abundances of Blautia, Staphylococcus, Sutterella, Oscillospira, Enterococcus, and Lactobacillus also varied, and this needs further study.

We performed further random forest analysis of four dominant bacteria. Proteobacteria are relatively abundant in GDM [SMD –0.44 (95% CI –1.3 to 0.41), p = 0.31, I2 = 95%], whereas the abundances of Actinobacteria [SMD –1.64 (95% CI –2.32 to –0.95), p < 0.05, I2 = 94%], Bacteroides [SMD 7.96 (95% CI –7.77 to 23.69), p = 0.32, I2 = 100%], Firmicutes [SMD 0.25 (95% CI –0.01 to 0.51), p = 0.06, I2 = 49%], and Proteobacteria [SMD 1.10 (95% CI –1.59 to 3.80), p = 0.42, I2 = 99%] did not differ significantly between the two groups.




3.8 Types of gut microbiota and their impacts on GDM

To further explore the potential correlations of key clinical indexes with altered gut microbiome in GDM, correlation analyses were performed using Spearman analysis. The results showed that phylum Bacteroidetes was positively associated with 1hPG, whereas Proteobacteria, Verrucomicrobiota, and Actinobacteria were all negatively associated with 1-hour plasma glucose level (1hPG) levels. Analysis at the genus level revealed a negative association between Ruminococcaceae UCG014 and 1hPG, but a positive association between Ruminococcaceae UCG014 and high-density lipoprotein (HDL) levels (36). The genus Akkermansia was negatively correlated with 1hPG and positive correlated with HDL levels. According to Chen et al., genera of Clostridiales, Ruminococcaceae and Lachnospiraceae, within the phylum Firmicutes, were significantly negatively correlated with at least one OGTT value (19). An unassigned genus of Enterococcaceae within the phylum Firmicutes, the genus Atopobium within the phylum Actinobacteria and the genus Sutterella within the phylum Proteobacteria were significantly positively associated with 1-h or 2-h OGTT values (Supplementary Table 5; Figure 4).




Figure 4 | The potential mechanism linking gut dysbiosis and GDM. Intestinal permeability is regulated by dietary factors and the zonulin pathway. Cells in the basal layer of the intestinal epithelium secrete zonulin and bind to initiate complex intracellular signaling pathways, allowing phosphorylation of tight junctions. When LPS is ready to enter the advocate circulation, it increases absorption, and forms a complex with LBP that further binds CD14 released from monocytes, leading to the production of pro-inflammatory cytokines mediated by the MD2/TLR4 receptor complex, such as TNF-α, interleukin 1 (IL-1), and interleukin 6 (IL-6). LPS infiltrates peripheral adipose tissue and binds to TLRs, thus activating the adaptor proteins MyD-88, IRAK, TAK1, and TRAF6, and triggering macrophage infiltration and up-regulation of inflammatory pathways. Up-regulation of JNK/IKKβ/NF-κB may increase serine phosphorylation of IRS-1 + Ser307, resulting in PI3-K inhibition and Akt down-regulation of Ser473. Figure has been obtained for use of copyrighted material from Figuer (https://www.figdraw.com/, registered ID: 533420148).



Indexes of inflammation, fecal calprotectin (FCALP), lipopolysaccharide (LPS), lipopolysaccharide-binding protein (LBP), and fecal LPS (FLPS), were reported in two (20, 26) studies. Levels of zonulin, FCALP, LPS, LBP, and FLPS were higher in GDM patients than in those without GDM, and the results were statistically significant. Cui et al. reported that Enterococcus and Vagococcus are in direct proportion to FCALP and LPS, Streptococcus is inversely proportional to LBP, and Staphylococcus is directly proportional to FLPS (20). Women’s diet, including total energy and fiber intake, remained unchanged between sampling times.

Four articles reported Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The conclusions drawn in each article vary widely. Chen et al. identified several microbial gene pathways including the glycan biosynthesis and vitamin metabolic pathways (19). Li et al. showed that the species of gut microbes found in normoglycemic pregnant women (NOR) and GDM are involved in cell wall/membrane/envelope biogenesis, organic ion transport and metabolism, post-translational modifications, protein turnover, chaperones, transcription, unknown function, intracellular transport, secretion, and vesicular transport (24). Su et al. found a positive relationship between Bacteroides species enriched in patients with GDM, and amino sugar and nucleotide sugar metabolism (34). Wang et al. found that the predicted metagenome of women who developed GDM was enriched in organisms involved in starch and sucrose metabolism, whereas those implicated in lysine biosynthesis and nitrogen metabolism were reduced  (37).





4 Discussion

To the best of our knowledge, this is the first article to systematically analyze how enterobacterial differences affect metabolic health in GDM patients and healthy individuals. Consistent evidence has shown that the composition of the gut microbiota is specifically altered in GDM. We found differences between groups in the abundance of microorganisms. These suggested that an increase in Blautia and a reduction in Clostridium may make a huge contribution, and thus may provide bacterial targets to prevent or treat GDM by reconstructing the homeostasis of the gut microbiota. Future studies in this area are warranted. The primary purpose of this study was to determine the validations between the participant groups, which may provide insights into possible mechanistic links between the gut microbiota and GDM and the pathway leading to disease development. The available results suggested an association between microbial composition and disease. Despite differences in lateral suction patterns, diversity and composition results were generally consistent between studies. Alpha diversity is widely used for measuring the richness and evenness of the gut microbiome. Our meta-analysis demonstrated a significant association between the presence of GDM and reductions in diversity indexes, suggesting that species richness was reduced in the affected individuals. Although alpha diversity has been shown to be a marker of chronic diseases, such as T2DM, colorectal cancer, and non-alcoholic fatty liver disease (NAFLD), multiple studies of the gut microbiome in patients withT2DM have shown no statistically difference in alpha diversity among well-matched participants (38–42).

Some studies found that alpha diversity was slightly lower, but not significantly reduced, in T2DM patients than in healthy participants (41). Occasionally, richness (as measured by the Shannon and Simpson indexes), which has been associated with elevated insulin resistance, shows an overlapping trend in GDM patients and healthy individuals. However, our meta-analysis results showed that there were no significant differences in diversity or richness between GDM patients and healthy individuals, indicating that alpha diversity may not be a hallmark indicator distinguishing between individuals with and without GDM. In contrast to alpha diversity, beta diversity differed in the GDM group and the control group participants, highlighting the fact that the profile of gut microbiota was altered in GDM. Further studies at the phylum level identified the taxa of the gut microbiota whose abundance was altered by GDM and suggested that an increase in Bacteroides and Proteobacteria and a reduction in Actinobacteria may contribute to GDM.

The phyla identified after in vitro fecal fermentation were mainly Firmicutes, Bacteroides, Actinobacteria, and Proteobacteria. In addition, this review found that the Firmicutes/Bacteroidetes ratio was significantly higher in GDM patients than in healthy control participants. Firmicutes and Bacteroides are the two dominant bacterial groups in the gut. They can maintain energy balance in the host by participating in the metabolism of fats and bile acids. The Firmicutes/Bacteroides ratio is commonly used as a marker of low-grade systemic inflammation in obesity and insulin resistance and as an indicator of gut microbiota composition in different individuals (43–46). Similar to other findings (47, 48),the Firmicutes/Bacteroides ratio was higher in GDM patients, indicating that it is a sensitive indicator enabling patients with GDM to be distinguished from those who do not have GDM. Animal experiments have shown that colonization of the normal gastrointestinal tract, as shown in the cultivate experiments of Bacteroides species and meditated through toll-like receptors (TLRs) and other specific host–microbe interactions is a result of recognition and selection by the host immune system (49). In general, insulin resistance is associated with a higher Firmicutes/Bacteroides ratio and a reduction in the number of butyrate-producing bacteria, while Bacteroidetes, as the most stable component of the gastrointestinal microbiota in healthy adults, contains most genera that produce butyrate (50). Butyrate is considered a health-promoting molecule because it can increase insulin sensitivity, exert anti-inflammatory activity, regulate energy metabolism, and increase leptin gene expression (51–54). Propionate in the colon stimulates the release of glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) from L-enteroendocrine cells, thereby suppressing appetite (55). It may also reach the portal circulation and get captured by the liver tissue, where it participates in hepatic gluconeogenesis and reduces the expression of enzymes involved in fatty acid and cholesterol synthesis (56).

Blautia has shown a significant negative correlation with many diseases, including type 1 diabetes mellitus (T1DM), obesity, and Crohn’s disease (57, 58). As a risk marker of adiposity and of cardiovascular and metabolic disease, Blautia abundance has been shown to be inversely associated with visceral fat tissue (58). This may be due to a potential anti-inflammatory effect that can reduce the ratio of TNF-α to IL-4 in T2DM patients, balance immunity with anti-inflammation, and help maintain glucose homeostasis, so as to regulate the transduction of insulin signaling, thereby regulating the conduction of insulin signals such as fasting blood glucose (FBG) level (59–61). The abundance of Blautia in patients with T1DM is consistent with HbA1c and FBG results (57). This study did in fact find that Blautia abundance was slightly increased in GDM patients, which may be because disease was most often diagnosed in the first trimester (62). From the first to the third trimesters, Blautia levels gradually declined, resulting in a decrease in butyrate production, stimulating neutrophils and macrophages to release inflammatory factors (63). An increase in inflammatory factors is associated with low levels of fiber intake, which may lead to the metabolism, and thereby cause dysbiosis and aggravated inflammation (64).

The genus Collinsella from the family Lachnospiraceae is often described as a strictly anaerobic pathobiont that produces lactate, which is often correlated with SCFAs (65). The decreased abundance of this taxon is associated with the health status of patients suffering from T1DM and T2DM (41). This genus of bacteria seems to be stimulated by a low-fiber diet, which could be observed in GDM patients. Both in vitro and animal experiments have concluded that SCFAs modulate intestinal inflammation by improving transepithelial resistance, altering various signaling pathways, and inhibiting pro-inflammatory cytokines, while up-regulating anti-inflammatory cytokines (66, 67). SCFAs stimulate glucagon production and signal the hypothalamus as a mechanism of diabetes. Butyrate suppresses the production of pro-inflammatory cytokines, for example TNF-α, IL-12, and interferon γ (IF-γ), and up-regulates the production of anti-inflammatory IL-10 by monocytes, thereby producing anti-inflammatory effects (53). Butyrate has been shown to attenuate LPS-stimulated pro-inflammatory effects (68, 69). Intake of a high-fat and low-fiber diet may alter the normal composition of gut microbiota and dietary fermentation. Alterations in dietary fermentation may lead to excessive production of SCFAs and absorption of energy from the diet. The relative abundance of Firmicutes was elevated, while the abundances of Actinobacteria and Bacteroidetes were lower, in women with GDM (70). This “gut microbiota signature” is similar to the phenotype of metabolic disorder, which is mainly due to the obese phenotype (71). Moreover, metabolic pathways mentioned in research are those linked with carbohydrate metabolism, such as glycolysis/gluconeogenesis, starch and sucrose metabolism, and galactose metabolism, which can be enriched in women with GDM (64). The results of our investigation of dietary status showed no difference in energy intake between the two groups of individuals (i.e., those with and without GDM), but that dietary fiber intake was lower in the GDM group in the non-GDM population, suggesting a possible mechanism of GDM. Butyrate-producing bacteria, such as Faecalibacterium and Akkermansia responses the same trend as on fiber intake in the context of the entire diet (72, 73). Thus, it is clear that dietary fiber components are enhanced with the microbiota.

Intestinal microbes also regulate the process of absorption of metabolites and endotoxins by affecting intestinal permeability. It has been shown that the development of GDM is associated with an increase in LPS in the intestine during late pregnancy as well as intestinal mucosal injury characterized by elevated levels of serum LPS and streptoglobulin. In this study, the level of inflammatory factors was significantly higher in GDM patients than in those without GDM, which is consistent with specific physiological changes. Intestinal permeability is regulated by dietary factors and the zonulin pathway. Cells in the basal layer of the intestinal epithelium secrete zonulin and bind to initiate complex intracellular signaling pathways, allowing phosphorylation of tight junctions, which in turn leads to an increased permeability (74). When LPS is ready to enter the advocate circulation, it would increase absorption, and form a complex with LBP that further binds CD14 from monocytes (75). This may lead to the production of pro-inflammatory cytokines mediated by the MD2/TLR4 receptor complex, such as TNF-α, IL-1, and IL-6 and LPS, which infiltrate peripheral adipose tissue and bind to TLRs, activating the adaptor proteins MyD-88, IRAK, TAK1, and TRAF6, and as a result triggering macrophage infiltration and up-regulation of inflammatory pathways. Up-regulation of JNK/IKKβ/NF-κB may increase serine phosphorylation of IRS-1 + Ser307, resulting in PI3-K inhibition and Akt down-regulation of Ser473. Reducing acetate Ser473 phosphorylation may impair insulin signaling and reduce glucose uptake in peripheral tissues, leading to hyperglycemia in women with GDM (74, 76).

Previous studies have shown that the efficiency of energy extraction from the diet is correlated with the enrichment of specific metabolic pathways, particularly those involved in carbohydrate transport and utilization (77). Amino acids are also insensitive to insulin action. Isoenzyme branched-chain amino acid aminotransferase (mitochondrial BCAT and cytosolic BCAT) catalyze the first reversible transamination/deamination of branched-chain amino acids (BCAAs) to their corresponding α-ketoacids. They are then combined in order to convert α-ketoglutarate into glutamate; leucine, isoleucine, and valine yield α-ketoisocaproate (KIC), α-keto-β-methylglutarate (KIM), and α-ketoisovalerate (KIV), respectively (78). The second step of BCAA catabolism is mainly regulated by the catalytic activity of the branched-chain ketoacid dehydrogenase (BCKD) complex (79). Branched-chain acyl-coenzyme A (CoA) species are produced from their cognate α-ketoacids (80). Complete metabolism of BCCA species generates cataplerotic metabolites that are subsequently used in the tricarboxylic acid (TCA) cycle for the generation of fuel (i.e., ATP), using lipogenic, ketogenic, or glucogenic substrates (81–83). In addition, down-regulated BCAA catabolic genes prominent in the adipose tissue of participants with elevated BCAA serum concentrations were correlated with high HOMA-IR values (p < 0.05) (84). It has been shown that bacteria of the genus Lactobacillus help maintain metabolic homeostasis by improving amino acid metabolic pathways in metabolically impaired mice to better compensate for impaired aryl hydrocarbon receptor (AhR) signaling by increasing the availability of intestinal metabolites capable of signaling through the AhR (85). It has been reported from experimental studies that the gut microbiota can directly utilize tryptophan and produce bacteria-derived indole (86, 87). Examples include indolyl sulfate and p-cresol sulfate, which stimulate GLP-1 and increase secretion insulin from pancreatic beta cells (83, 88, 89). Similarly, results from the KEGG enrichment analysis showed that by far the most-downregulated pathways were BCAA degradation pathways (74).

This review has several deficiencies. First, the small sample size means that the accuracy of the study is low. Second, most articles did not provide sufficient specific indicators of gut microbial diversity and composition, making accurate quantitative analysis impossible. As a result, the evidence provided by these studies is insufficient. Third, as a result of limited data, we were unable to stratify patients by sampling time, diet, obesity, Asian-European factors, etc. Mechanistic insight into the gut microbiota is still limited, so further study is needed to identify specific biomarkers and the mechanisms by which they cause disease.
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Total

Healed Not Healed

Observed number 2(22.2%) 7(77.8%) 9
Expected number 45(50%) 4.5(50%)
Observed number 8(88.9%) 1(11.1%) 9
Expected number 4.5(50%) 4.5(50%)

9(100%) 9(100%) 18
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Clinical Characteristics

Number of patients 35 20
Age (years) 34-86(64) 26-78 (57.5)
Patient’s sex (male: female) 21:14 7:13
Clinical staging - =
Stage I-1T 9 B
Stage III-1V 26 =
Pathological subtype - -
GCB 14 -
non-GCB 21 -
Involvement site - -
Involvement of the gastrointestinal tract 9 -
Involvement of other extra-nodal organs 17 -
Elevated LDH (>250u/1) 13 -
IPI Score - -
IPI <3 points 19 .
IPI =3 points 16 -
Ki-67>80% 21 =
Bcl-2 positive (=50%) 27 -
Bcl-6 positive (250%) 32 -
c-Myc positive (230%) 31 -
CD5-positive 9 =
Efficacy assessment - _
CR 10 =
NCR 24 =

LDH, lactate dehydrogenase; GCB, germinal center B-cell-like; CR, complete remission; NCR,
non-complete remission; IP1, international prognostic index.
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Healed Not Healed

Akita Observed number 8(88.9%) 1(11.1%)
Expected number 45(50%) 4.5(50%)

WwT Observed number 9(100%) 0
Expected number 4.5(50%) 4.5(50%)

Total 9 9
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Effects of SCFAs

tective me ism-related index References

Anti-inflammation Reducing pro-inflammatory factors: IL-1, IL-6, TNF-o.. Blocking the activation of the NF-«xB pathway. Wau et al. (90)
Anti-oxidative stress Inhibiting HDAC-mediated NOX2/ROS signaling pathway to reduce ROS generation. Al-Harbi et al.
1)
Improvement in energy Promoting the secretion of GLPland PYY to increase insulin sensitivity, inhibit gastric emptying, and reduce  Everard et al.
metabolism body weight. (65)
t
Improvement in renal function Protecting the structural integrity of podocytes to reduce proteinuria. Lietal. (15)

|
TNF-0t, tumor necrosis factor-alpha; IL-6, interleukin 6; NE-KB, nuclear factor kappa beta; HDAC, Histone deacetylase; NOX, NADHP oxidase; ROS, reactive oxygen species; GLP1,
Glucagon-like peptide-1; PYY, peptide YY.
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Characteristic AL amyloidosis (n=27) Healthy control (n=27) P value

Age, mean + SD, yr 56.78 + 8.95 53.04 £7.17 0.096
Gender (Male/Female) 19/8 14/13 0.264
BMI, mean + SD, kg/mZ 22.83+3.77 2439 + 1.68 0.057
Albumin, mean * SD, g/L 29.19 + 8.12 46.78 + 3.20 <0.001
Serum Creatinine, mean + SD, umol/L 73.30 + 2149 76.78 + 10.17 0.451
24-h urinary protein, median (range), mg 2780 (102-7905) —

ALP, median (range), IU/L 68 (35-373) —

Lambda isotype, no. (%) 26 (96.29%) —

dFLC, median (range), mg/L 142 (15-1201) —

Involved organs, no. (%) —

Kidney 22 (81.48%)

Heart 17 (62.96%)

Liver 2 (7.41%)

Other 21 (77.78%)

NT-proBNP, median (range), ng/L 890 (30-15398) —

cTnT, median (range), ng/L 0.029 (0.004-0.168) —

[VST, mean + SD, cm 13.67 + 4.67 —

LVEF, mean + SD, % 56.74 £ 522 —

Mayo 2012 stage, no. (%) =

I 11 (40.74%)

11 3 (11.11%)

11 6 (22.22%)

v 7 (25.93%)

BMI, body mass index; ALP, alkaline phosphatase; dFLC, difference in the involved to uninvolved free light chain; NT-proBNP, N-terminal pro-B type natriuretic peptide; ¢Tn'T, Troponin
T; IVST, inter-ventricular septum thickness; EF, LVEF, left ventricular ejection fraction.
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Definition

Category

Health benefit

Mechanism

Probiotics

Live microorganisms that, when
administered in adequate amounts,
confer a health benefit on the host

Bifidobacterium (adolescentis,
animalis, bifidum, breve and
longum); Lactobacillus (acidophilus,
casei, fermenturm, gasseri, johnsonii,
paracasei, plantarum, rhamnosus and
salivarius)

Healthy digestive tract construction
(such as infectious diarrhoea,
antibiotic-associated diarrhoea, and
ulcerative colitis); Healthy immune
system construction (including
preventing allergic disease,
decreasing inflammation, and
enhancing anti-infection activities)

Colonization resistance;
Normalization of perturbed
microbiota; SCFA production;
Increased turnover of enterocytes;
Regulation of intestinal transit;
Competitive exclusion of pathogen;
Vitamin synthesis; Bile salt
metabolism; Gut barrier
reinforcement

Synbiotics

A mixture comprising live
microorganisms and substrate(s)
selectively utilized by host
microorganisms that confers a
health benefit on the host

Complementary (prebiotic +
probiotic); Synergistic (live
microorganism + substrate)

Treatment of NAFLD, obesity and
metabolic syndrome, T2DM and
glycaemia, IBS, CKD,
dyslipidaemia, PCOS, AD, and
inflammation; Prevention of
surgical infections and
complications, sepsis in infants,
and AD; Eradication of
Helicobacter pylori

Complementary approach
combines prebiotic (targets
autochthonous beneficial
microorganisms) and probiotic;
Synergistic approach selects
substrate that is utilized by the co-
administered live microorganism,
enhancing its functionality

Prebiotics

A substrate that is selectively
utilized by host microorganisms
conferring a health benefit

Conjugated linoleic acids and
polyunsaturated fatty acids;
Oligosaccharides; Human milk
oligosaccharides; Phenolics and
phytochemicals; Readily
fermentable

Metabolic health; Satiety; Improved
absorption of calcium and other
minerals, bone health; Skin health;
Digestive tract health; Allergy;
Constipation; Immune function in
elderly individuals

Modulation of SCFA production;
Promotion of beneficial microbiota;
Bile salt metabolism; Alteration of
bacterial growth and interaction
with immune system; Enhanced
secretion of satiety hormones
peptide YY and GLP-1;
Immunological modulation

Postbiotics

Preparation of inanimate
‘microorganisms and/or their
components that confers a health
benefit on the host

Inactivated strain (such as
Bacteroides xylanisolvens,
Apilactobacillus kunkeei and
Saccharomyces boulardii);
Bacterial lysates; Spirulina
formulations

New antimicrobials; Targeted
anti-inflammatory,
immunoregulatory, and enhance
vaccination efficacy agents; Novel
signaling molecules that affect gut
pain, sensation, secretion, and
motility; Fermented infant
formulas and bacterial lysates

Modulation of resident
microbiota, immune responses,
and systemic metabolic responses;
Enhancement of epithelial barrier
functions; Regulation of systemic
signaling via the nervous system

NAELD, non-alcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; IBS, irritable bowel syndrome; CKD, chronic kidney discase; PCOS, polycystic ovarian syndrome; AD, atopic dermatitis;
SCEA, short-chain fatty acid; GLP-1, glucagon-like peptidel.
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FBG| Verrucomicrobia| v o
and lipids
1. inflammation: LPS,
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Radix SD rat FBG, LDL-C, OGTT, phyla Tenericutes, Patescibacteriaf, 1. Bile acid (108)
Scutellariae rats HOMA-IR| Lactobacillus, feacalibaculum| metabolism: CYP7A1
Lycium barbarum . : :
. C57BL/6 mice BW, TC, TG, LDL-C| Proteobacterial, Lactobacillus spp? 1. SCFAs (110)
polysaccharides
1. Nicotinate and
Lycium barbarum L. FBG, TCHO, TG, LDL- Marvinbryantia, Parasutterella, Pr?- mcotma'mlde
SPF-grade rats votellaceae_NK3B31_group, Blautia, metabolism (114)
leaves C, FFA, ALT, AST, a| " s
Ruminococcus_1, Coprococcus_2 2. Arachidonic acid
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TC, TG, LDL-C, AST, Burkholderia_Caballeroria_Paraburkholderia, L Lipid metabolism
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