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Editorial on the Research Topic 


Novel insights into the pathophysiology of diabetes-related complications: Implications for improved therapeutic strategies


Globally, diabetes mellitus (DM) is a significant and prevalent health problem. It is increasingly apparent that not only a cure for the current worldwide diabetes epidemic is required, but also a cure for its major complications, including heart disease, chronic kidney disease, and nerve damage (1). In addition, other problems with feet, oral health, vision, hearing, reproduction, and mental health also need to be explored (2–6). Understanding the underlying mechanisms of these diabetic complications would help prevent or delay the occurrence of complications and to improve the overall health condition of people with DM. To promote the understanding, we were invited by the journal editorial team to organize A Research Topic titled “Novel Insights into the Pathophysiology of Diabetes-related Complications: Implications for Improved Therapeutic Strategies”. This topic aims to recruit high-quality original research and review articles that contribute to uncovering the intracellular signaling pathways with the development of diabetic complications, or exploring the possible role of genetic issues, metabolic regulation, and inflammation mechanisms. The topic was initiated last spring, May 5th, and closed on Sept 22nd, 2022. During these five months, total 37 submissions, including 25 manuscripts and 12 abstracts, were received. And finally, 10 peer-reviewed articles with high quality were selected and published. These 10 articles cover different issues on diabetes and complications, i.e., diabetic retinopathy (DR), diabetic neuropathy (DN), type 2 diabetes mellitus (T2DM)-associated periodontitis, diabetic oxidative liver damage, diabetic-related wound healing, etc.

To DR, a common and serious microvascular complication of DM, Li et al. performed a study on investigating the correlation between methylation of THBS1 transcription regulation area and DR occurred. Based on the detection data from recruited patients diagnosed with DR and DM patients without retinal problems, they observed that THBS1 mRNA expression in peripheral blood was significantly higher in DR patients than in DM patients and concluded that THBS1 overexpression is related to THBS1 transcription regulation area hypomethylation and may be genetically controlled in DR patients. To another microvascular complication of DM, DN, one research article delineated the underlying mechanisms of dapagliflozin as a potent drug for DN. In this study, Bai et al., revealed that many lncRNA and mRNA expression levels were significantly altered in kidney tissues of dapagliflozin-treated db/db mice by combing transcriptome analysis and a network pharmacology approach. Network pharmacology analysis further identified that several genes including SMAD9, PPARG, CD36, and CYP4A12A might be the pivotal targets of dapagliflozin for treating diabetic nephropathy. Taken together, this study provides novel insights into the protective mechanism of dapagliflozin for treating nephropathy. Also, for DN, a study from Cao et al., revealed the role of S-palmitoylation in DN. In the research, the authors analyzed the proteomic data of lumbar dorsal root ganglia (DRG) of diabetic mice and palmitoylation profiling data of the HUVEC cell line, demonstrating that the S-palmitoylation status of Cys47 could affect the interaction between PRDX6 and the C-terminal domain of AE3, thereby regulating the activity of AE3 anion exchanger enzyme in the nervous system, revealing a potential association between activating protein palmitoylation and DN.

In addition, we have one article focused on T2DM-associated periodontitis, a common disease with high prevalence featuring persistent infection and complicated manifestations. Wang et al. used the rat model to mimic T2DM-associated periodontitis, which was found to have an intense inflammatory response and decreased autophagy. In the treatment group, the application of calcitriol, a common supplement, had shown a significant inhibition effect of inflammation and increased autophagy. The study provided a piece of evidence that an easy and daily supplement of calcitriol may provide effective treatment against T2DM-associated periodontitis.

For diabetic-related wound healing issue, Mu et al. focused on the role of pyroptosis in promoting diabetic complications and summarized the underlying mechanisms of pyroptosis in the recovery of diabetic wounds, such as the activation of the NLRP3 inflammasome and other pyroptosis-related signaling pathways, and highlights the potential therapeutic approaches to promoting diabetic-related wound healing via targeting these signaling pathways. Besides, a research article from Li et al. comprehensively analyzed differential expression genes in diabetes and depression based on several RNA sequencing datasets from the GEO database and found an interesting target molecule NK1R in the overlapping set. They further designed in vitro and in vivo experiments to confirm the function of NK1R in angiogenesis, epithelial-mesenchymal transition (EMT), collagen deposition, and inflammation in diabetes and depression. Of note, the in vivo experiment data suggested that the downregulation of NK1R promoted vascular proliferation and enhance diabetic wound healing, providing a potential therapeutic target for the management of diabetic non-healing wounds and depression.

Given that the disruption of circadian rhythm is associated with the development of T2DM, Jiang et al., did a comprehensive bioinformatics analysis about the rhythmicity of gene transcription, mature RNA abundance, protein abundance, and DBP activity, presenting a global view of the oscillating genes in multiple layers and indicating the complexity of regulatory mechanisms across different layers for further functional study. In addition, m6A has been demonstrated to be crucial to the development of DM and its complications. To plot the knowledge maps and predict the hotspots and trends in m6A related studies on DM, Zhang et al., used the CiteSpace software to perform a retrospective bibliometric analysis and science mapping. They provided an overview of the trend of publication outputs, countries/regions and institutions distribution, authors, cited authors, cited journals, as well as hotspots and frontiers, which may help us better understand the studies in the field. And most interestingly, one study of current topic show different result from previous research. It’s well known that long-term treatment with omega-3 PUFAs, which are CYP2E1 substrates, may affect CYP2E1 expression in the liver, and result in the development of diabetic oxidative liver damage. However, Maksymchuk et al., observed that long-term treatment of diabetic rats with omega-3 PUFAs does not increase the risk of CYP2E1-dependent oxidative stress and development of liver pathology but prevents some diabetic ultrastructural damage to hepatocytes via using streptozotocin-induced rat model of type 1 diabetes.

In a word, we believed that the above review or research articles could reflect the research progresses on diabetes and complications and contribute to the academic community. With a limited number of submissions in current topic, we are looking forward to seeing many more academic articles on diabetic complications studies in the future, particulars at other research targets, such as DM-related heart disease, a reproductive disorder in diabetic women (7, 8) or the relationship between diabetes and the development of Alzheimer’s disease (9), etc.
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Diurnal oscillation persists throughout the body and plays an essential role in maintaining physiological homeostasis. Disruption of diurnal rhythm contributes to many diseases including type 2 diabetes. The regulatory mechanism of the transcription-translation feedback loop (TTFL) of core clock genes is well-established, while a systematic study across all regulatory layers of gene expression, including gene transcription, RNA translation, and DNA binding protein (DBP) activities, is still lacking. We comprehensively bioinformatics analyzed the rhythmicity of gene transcription, mature RNA abundance, protein abundance and DBP activity using publicly available omic-datasets from mouse livers. We found that the core clock genes, Bmal1 and Rev-erbα, persistently retained rhythmicity in all stages, which supported the essential rhythmic function along with the TTFL. Interestingly, there were many layer-specific rhythmic genes playing layer-specific rhythmic functions. The systematic analysis of gene transcription rate, RNA translation efficiency, and post-translation modification of DBP were incorporated to determine the potential mechanisms for layer-specific rhythmic genes. We observed the gene with rhythmic expression in both mature RNA and protein layers were largely due to relatively consistent translation rate. In addition, rhythmic translation rate induced the rhythms of protein whose mature RNA levels were not rhythmic. Further analysis revealed a phosphorylation-mediated and an enhancer RNA-mediated cycling regulation between the corresponding layers. This study presents a global view of the oscillating genes in multiple layers via a systematical analysis and indicates the complexity of regulatory mechanisms across different layers for further functional study.
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Introduction

Diurnal rhythms are approximate 24-hour cycles in which there are regular light and dark periods (1). These rhythms are critical to maintaining physiological homeostasis via aligning the internal clock with daily environmental changes, such as light and temperature (2, 3). The disruption of diurnal rhythms due to shift work or sedentary lifestyle leads to many diseases, including metabolic disorders and various cancers (4–6) and is associated with the development of type 2 diabetes, a global health problem (7, 8). Understanding the regulatory mechanism underlying diurnal rhythms could shed light on potential chrono-therapeutic strategies and druggable targets.

Several transcription activators and repressors form the transcription-translation feedback loop (TTFL). The transcription activators include brain and muscle ARNT-like 1 (BAML1) and circadian locomotor output cycles kaput (CLOCK), and transcription repressors include REV-ERB (9–12). Due to the central role of TTFL in the expression of core clock genes, TTFL is considered to be the universal building block of circadian clocks (13). In addition to core clock genes, the question of how oscillating genes are regulated is still largely unknown.

With advanced technologies of next-generation sequencing and mass spectrometry, emerging studies established genome-wide datasets regarding oscillating enhancer activity (4, 14), gene transcription (14), mature RNA abundance (15), protein level (16–18), and DNA binding protein (DBP) activity (18). Moreover, the rhythms of mature RNA translation rate (19) and phosphorylation (20) have been recently measured. These datasets provide us an opportunity to systematically determine the conservativity and specificity of diurnal rhythm for gene expression in various layers, including RNA transcription, processing translation, and protein post-translation modification and activities. The pathways enriched in layer-specific rhythmic genes and related regulators from the current integrative analysis of multi-omics will facilitate our further understanding on the regulatory mechanism of diurnal rhythms in the liver.



Materials and methods


Data source

To determine the rhythmicity of gene expression in different layers, we obtained raw datasets of gene transcription (14) and mature RNA (15) and collected expression of protein (16–18). Moreover, we also gathered the ribosome profiling (Ribo-seq) dataset for qualifying RNA translation rate (19) and proteomic datasets for DBP (18) and protein phosphorylation (20). Only proteins detected in all three independent datasets (14–16) were considered for downstream analysis to get highly confident expressed proteins in the liver. The raw data was extracted from publicly available sources, as indicated in Table 1. All datasets were selected from mouse liver tissue that was harvested from multiple time points across light-dark cycles.


Table 1 | Omics data sets across TTFL.





Global run-on sequencing data processing

Raw reads were trimmed using fastp v0.23.1 (21). Clean reads were then mapped to the mouse genome (mm10) using Bowtie2 v2.4.1 (22). Samtools v1.14 (23) was used to extract unique mapped reads, followed by the generation of bigwig files using Homer v4.9 (24), which were further visualized on Integrative Genomics Viewer (IGV) (25).



RNA-seq data processing

RNA-seq data was processed following the pipeline described previously (9, 26, 27). Briefly, raw reads were trimmed using fastp v0.23.1 (21). Clean reads were then mapped to the mouse genome (mm10) using Hisat2 v2.1.0 (28) with default parameters. Unique reads were extracted using samtools v1.14 (23). Read counts were calculated and normalized to reads per kilobase of exon per million reads mapped (RPKM) using Homer v4.9 (24).



Ribo-seq data processing

Ribo-seq data was processed following the pipeline described previously (19). Briefly, adapter sequences were removed using cutadapt v4.0 (29) with parameters, -a ;AGATCGGA-AGAGCACACGTCTGAACTCCAGTCAC –match-read-wildcards -m 6, followed by further trimming and size-filtered (lengths 26-35 nt) using fastp v0.23.1 (21). Trimmed reads were mapped to the mouse genome (mm10) using Bowtie2 v2.4.1 (22). Unique reads were extracted using samtools v1.14 (23). Read counts were calculated and normalized to reads per kilobase of exon per million reads mapped (RPKM) using Homer v4.9 (24). The translation rate was calculated using an in-house Perl script which has been deposited on GitHub at https://github.com/ChunjieJiang/Multi-Omics_CircadianRhythm_RegulatoryLayers.



Quantification of transcription rate

We used pre-RNA abundance to quantify the transcription rate. The pre-RNA identified from GRO-Seq was measured following the pipeline described previously (14, 15). Briefly, transcripts were measured using GRO-Seq unique mapped reads. For genes with annotated body length > 12kb, a 10kb window (+2kb to 12kb) was considered for quantification. Genes with annotated body length between 2kb and 12kb were quantified using the window from +2kb to the transcription end site (TES). While for genes shorter than 2kb, the whole gene body was used to do the quantification. Reads from each gene were normalized to reads per kb per ten million reads (RPKTM).



Quantification of protein from western blot

As a technological limitation of mass spectrometry, some clock genes (e.g., Bmal1 and Rev-erb) could not be detected. The diurnal rhythms of these proteins were indicated by western blot from multiple studies (30–32). Image J (version 1.51, NIH) was used to quantify the relative expression in protein levels across light-dark cycles based on the data from Western Blot.



De novo identification of enhancer RNA

Enhancer RNAs were identified following the pipeline described previously (14, 33). Briefly, unique mapped reads from GRO-Seq were separated into the reads mapped to the plus and minus strands, followed by peak calling using Homer v4.9 (24). Peaks with FDR < 0.001 and fold changes > 3 were considered. Sites located within 300bp of annotated TSSs were excluded. Reads mapped within 500bp away from an enhancer RNA locus center were extracted and normalized to RPKTM.



Identification of oscillation genes

To determine the rhythmic transcription, mature RNA, protein, DNA binding protein (DBP), enhancer RNA, and translational rate, JTK_CYCLE tests (34) were performed with period range 20-28 h and the amplitude and phase as free parameters. The JTK_CYCLE algorithm calculates the p-value using Kendall’s tau correlation, and then the p-values would be adjusted by Bonferroni correction. This allowed for thorough identification of circadian patterns. Rhythmic transcription, mature RNA, enhancer RNA, and translational rate were defined as those with JTK_CYCLE adj-p value < 0.05. For protein and DNA-binding protein, the statistical cut-off of JTK_CYCLE adj-p value < 0.1 was used as suggested by Wang et al. (18).




Results


Strategy to dissect regulatory layers for diurnal gene expression

To systematically investigate the complexity and specificity of diurnal gene expression in different regulatory layers, we first quantified the expression level of RNA transcription, mature RNA abundance, and protein abundance, as well as DNA binding activity of DBP (Figure 1). The rhythmicity analysis pipeline was uniformed by using JKT_CYCLE. To explore the potential mechanisms of the specificity of oscillating genes in each layer, we determined the impacts of enhancer activity, translation efficiency, and protein post-translational modification in the counterpart adjacent layers. In sum, this pipeline allows us to globally investigate the full spectrum of gene expression regulatory layers.




Figure 1 | Strategy to dissect regulatory layers for diurnal gene expression. Multi-omics profiles from transcription, mature RNA, protein, DNA binding protein, enhancer RNA, translation rate, and phosphorylation were integrated to reveal multiple rhythmic regulatory layers. CatTFRE, concatenated tandem array of the consensus TFREs. DBP, DNA binding protein. GRO-seq, Global Run-On Sequencing. Ribo-seq, Ribosome profiling.





Identification of rhythmic genes in each regulatory layer

With the above pipeline, the rhythmic gene transcription, mature RNA abundance, protein abundance, and DPB with rhythmic DNA binding activity were identified (Figure 2A). The rhythms of these genes in these four layers were further confirmed using principal component analysis (PCA). The temporally annotated samples in each layer were correctly ordered with non-supervised information (Figures 2B–E).




Figure 2 | Identification of rhythmic genes in each regulatory layer. (A) Heatmap shows the expression/activity of rhythmic genes at transcription, mature RNA, protein, and DBP levels. (B–E) Principal component analysis (PCA) for the dataset from transcription (B), mature RNA (C), protein (D), and DBP (E) levels.



Interestingly, we observed 60% of genes with rhythmic transcription stayed rhythmic as mature RNA and 56% of rhythmic protein retained rhythmicity from mature RNA, while only 30% of DBP kept rhythmic DNA binding activity (Figure 3A). The core clock genes exampled by Bmal1 and Rev-erbα maintain their rhythmicity across all four layers (Figures 3B, C). To further check the function of the reserved rhythmic genes between adjacent layers, functional enrichment analysis was performed using Enrichr (35) based on BioPlanet (36). As expected, pathways involving circadian rhythm and lipid metabolism were enriched for genes with reserved rhythmicity between pre-RNA and mature RNA levels, as well as the ones between mature RNA and protein levels (Figures 3D, E).




Figure 3 | Rhythmic retained genes between adjacent layers. (A) The fraction of conserved rhythmic genes between adjacent layers. (B, C) The expression/activity of conserved rhythmic gene Bmal1 (B) and Rev-verbα (C) at transcription, mature RNA, protein, and DBP level. (D, E) Bar plots show the enriched pathways of conserved rhythmic genes between transcription and mature RNA levels (D), and the conserved rhythmic genes between mature RNA and protein levels (E). Only genes detected in both adjacent layers were considered.





Layer-specific rhythmic genes support the layer-specific function

Remarkably, besides the conserved rhythmic genes between adjacent layers, we also observed many rhythmic disrupted or enhanced genes in a specific layer. Moreover, genes with rhythmic signals in transcription rate, and non-rhythmic signals in mature RNA level (Figure 4A, left panel) were involved in the pathway related to transcription, endocytosis, etc. (Figure 4B, upper panel). Conversely, genes with enhanced rhythmic signals in mature RNA level (Figure 4A, right panel) were enriched in metabolism and amino acids metabolism biological process (Figure 4B, bottom panel). Further analysis on the comparison between mature RNA and protein levels showed that genes playing a function in biological processes such as metabolism and amino acids metabolism (Figure 4D, upper panel) were rhythm disrupted genes in protein level (Figure 4C, left panel), whereas rhythm enhanced genes (Figure 4C, right panel) were involved in TCA cycle and mitochondrial fatty acid metabolism (Figure 4D, bottom panel). Altogether, in addition to the rhythmic conserved genes and pathways, there are other regulatory mechanisms mediating the layer-specific oscillating genes.




Figure 4 | Layer-specific rhythmic genes support the layer-specific function. (A, C) Heatmaps show the expression of rhythmic disrupted genes (left panel) and rhythmic enhanced genes (right panel) at mature RNA level compared with transcription (A), and the ones in protein level compared with mature RNA (C). (B, D) Bar plots show the enriched pathways of rhythmic disrupted genes (top panel) and rhythmic enhanced genes (bottom panel) in mature RNA level compared with transcription (B), and the ones in protein level compared with mature RNA (D). Only genes detected in both adjacent layers were considered.





Translation rate, post-translational modification, and epigenetic effect contribute to the layer-specific diurnal rhythm

To extend our understanding on the changes of rhythmic expression between mature RNA and protein levels, bulk RNA-seq and Mass Spectrometry data were integrated with Ribo-seq, a technique that can be used to determine translation efficiency (37, 38). The genes with conserved rhythmic expression in both levels showed a much lower variation of translation rate compared to the ones with disrupted rhythmic expression in protein level (Figure 5A), implying that genes with rhythmic expression in both mature RNA and protein layers were largely due to the relatively consistent translation rate. Moreover, 45% of the protein-specific rhythmic genes were rhythmic translational rate dependent (Figure 5B), indicating that rhythmic translational rate induces the rhythms of protein whose mature RNA levels were not rhythmic.




Figure 5 | Translation rate, post-translational modification, and epigenetic effect contribute to the layer-specific diurnal rhythm. (A) Bar plot shows the variation of translation rates of mature RNA-specific rhythmic genes and the conserved rhythmic genes. P value comes from Student’s t-test. (B) Protein-specific rhythmic genes with rhythmic (olive green) or non-rhythmic (cadet blue) translational rate. (C) DBP-specific rhythmic genes that were phosphorylated (olive green) or not (cadet blue). (D) The DBPs with rhythmic activities regulate rhythmic transcription through rhythmic enhancer activities. The Y axis in the third column present the DNA binding activities. And the X axis present the Zeitgeber time (ZT), a standardized 24-hour notation of the phase in an entrained circadian cycle. ZT0 is the time that light is turned on and ZT12 is the time that light is turned off.



Protein undergoes post-translational modifications (e.g., phosphorylation) to control its stability, activity, interaction, nuclear localization, and function in different biological processes (39, 40). By integrating the phosphorylation profile, we found that 62% of DBP-specific rhythmic genes are phosphorylation-dependent (Figure 5C). Enhancers are known to initiate the transcription of nearby or distal genes together with DBP (e.g., transcriptional factors). To interpret the rhythmic gap from DBP to transcription, enhancer RNA profile from the GRO-seq dataset was investigated. We found there were many rhythmic DBP regulating rhythmic transcription rate through rhythmic enhancer activities (Figure 5D). This data indicated a phosphorylation-dependent and an enhancer-dependent regulation on rhythmic expression between the adjacent layers.




Discussion

Oscillating gene expression is essential for diurnal rhythmic physiology (41, 42). Previous studies on the regulation of oscillating gene expression focused on the regulatory mechanisms between adjacent layers, including transcription rate-mature RNA (19), mature RNA-protein abundance (17), and protein-DNA binding actives pairs (18). The current study provided a full spectrum of regulatory layers on oscillating gene expression, from enhancer activity, transcription, translation, and post-translation modification to the DNA binding activity of DBP. The identification of layer-specific oscillating genes indicates the underlying layer-specific regulatory mechanisms, including RNA-processing, translation efficiency control, post-translational modification, and enhancer actives. Further global studies about RNA stability and protein stability could provide additional insights for layer-specific regulation of oscillating gene expression.

Our integrative analysis of multiple omics represents an example of an in-depth dissection of the complexity and specificity of diurnal rhythms. This comprehensive pipeline has proved to be a powerful tool and enabled us to identify related pathways and potential regulators in each layer. These results are supported by different oscillating omics datasets in mouse livers: (1) epigenomics and transcriptomics profiling identified the regulatory layers between enhancer and gene transcription; (2) transcriptomics and proteomics profiling defined the regulatory layers between mature RNA and protein; (3) ribosome profiling was integrated to determine the potential mechanism for the rhythmic remodeling between above two layers; (4) protein, DBP, and phosphoproteomics profiling comprehensively indicated the role of post-translational modification of DBP activities; 5) DBP proteomics and epigenomics profiling determined the rhythmic regulation of transcription factors on enhancer activities. These omics form a regulatory loop for diurnal rhythmic gene expression. Future hypothesis-driven functional studies are required to determine the layer-specific regulators, which could provide novel targets for the manipulation of diurnal rhythms.
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Diabetic wound is one of the complications of diabetes and is not easy to heal. It often evolves into chronic ulcers, and severe patients will face amputation. Compared with normal wounds, diabetic wounds have an increased proportion of pro-inflammatory cytokines that are detrimental to the normal healing response. The burden of this disease on patients and healthcare providers is overwhelming, and practical solutions for managing and treating diabetic wounds are urgently needed. Pyroptosis, an inflammatory type of programmed cell death, is usually triggered by the inflammasome. The pyroptosis-driven cell death process is primarily mediated by the traditional signaling pathway caused by caspase -1 and the non-classical signaling pathways induced by caspase -4/5/11. Growing evidence that pyroptosis promotes diabetic complications, including diabetic wounds. In addition, inflammation is thought to be detrimental to wound healing. It is worth noting that the activation of the NLRP3 inflammasome plays a crucial role in the recovery of diabetic wounds. This review has described the mechanisms of pyroptosis-related signaling pathways and their impact on diabetic wounds. It has discussed new theories and approaches to promote diabetic wound healing, as well as some potential compounds targeting pyroptosis and inflammasome signaling pathways that could be new approaches to treating diabetic wounds.




Keywords: pyroptosis, inflammasome, signaling pathways, NLRP3, diabetic wound



Introduction

Diabetes is a metabolic disease caused by a variety of etiologies, and the number of people suffering from type 2 diabetes mellitus (T2DM) is growing every year (1). By 2045, the number of people with diabetes is expected to exceed 700 million (7.8% of the global population) (2). Diabetes has over 100 complications, making it the most well-known disease. These complications include cardiovascular disease, peripheral neuropathy, chronic renal failure, stroke, and diabetic wounds or ulcers (3). Diabetic wounds are a condition that affects about 20% of patients with diabetes (4). Diabetic wounds are characterized by impaired healing responses, prolonged inflammation, and reduced epithelialization kinetics in diabetic patients (5).

Wound healing is a physiological response to structural tissue injury, which includes skin damage. Wound healing is a multi-stage process that includes hemostasis, inflammation, proliferation, and remodeling (6). Diabetic wounds heal slower than normal wounds due to the production of pro-inflammatory mediators, ischemia induced by microvascular problems, particular metabolic deficiencies, and decreased production of healing-related components, among other causes (7). As a result, diabetic wounds have a longer course and more complex mechanisms than normal wounds, affecting patients’ morbidity, mortality, and quality of life significantly (8).

Pyroptosis, an type of programmed cell death, is usually associated with inflammatory responses (9). According to new research, cell death pathways include apoptosis, necroptosis, autophagy, ferroptosis, cuproptosis, pyroptosis, and necrosis, and the regulators and effectors of these pathways remain promising therapeutic targets (10). When germs, pathogens, or endotoxins stimulate cells, the caspase family becomes active, triggering pyroptosis, also known as inflammatory cell death. As a result of this process, cell swelling, cell membrane pore formation, cell membrane rupture, inflammasome activation, and finally the release of cell contents and inflammatory mediators all occur, culminating in severe inflammatory responses (11, 12).

In conclusion, this review summarizes the research progress on the relationship between pyroptosis and diabetic wounds. The primary purpose of this review is to clarify the mechanism of pyroptosis-related signaling pathways and their impact on diabetic wound, explore new therapeutic approaches and identify potential therapeutic targets.



Pyroptosis and inflammasome

Cell death dependent on caspase-1 was originally called apoptosis (13). In 2000, Cookson introduced the term “pyroptosis”. Pyroptosis differs from apoptosis in the morphological features and inflammatory nature of cell death (14, 15). Pyroptosis is involved in the pathogenesis of various diseases, such as tumors, cardiovascular diseases, COVID-19, diabetes and its complications. The mechanism of pyroptosis is regulated by many protein or protein complexes, such as caspase, inflammasome, and Gasdermin. Typically, caspases exist in an inactive precursor form, a pro-caspase. After activation by the inflammasome, caspases cleave Gasdermin and generate a hydrophilic C-terminal domain and a lipophilic N-terminal domain. The N-terminal lipophilic domain oligomerizes and binds to the cell membrane to form a pyroptotic pore, ultimately triggering pyroptosis.

Caspases, a group of proteases with similar structures present in the cytoplasm, are known to drive apoptosis or pyroptosis and play a key role in programmed cell death and inflammation (16). Mammalian caspases fall into two broad categories: apoptotic and inflammatory caspases. Among them, caspase-1, -4, -5, -11, and -12 belong to the family of inflammatory caspases, which are closely related to pyroptosis (17). According to the latest research, the signaling pathways of pyroptosis can be split into four kinds based on different activation modalities: canonical inflammasome signaling pathways (caspase-1), non-canonical inflammasome signaling pathways (caspase-4/5/11), and pyroptotic pathways depending on caspase-3 and caspase-8 (18–20).

The inflammasome is a multi-protein complex assembled by intracellular pattern recognition receptors (PRRs) and is an essential part of the innate immune system (21, 22). Damage-associated molecular patterns (DAMPs), endogenous molecules released by the body’s cell death, namely endogenous danger signals, originate from immune cells activated by damaged or necrotic tissue. Pathogen-associated molecular patterns (PAMPs) are ligand receptors that PRRs recognize and bind, mainly referring to some highly conserved molecular structures shared on the surface of pathogenic microorganisms, such as lipopolysaccharide of G-bacteria. Generally, both PAMPs and DAMPs induce inflammasome activation via PRRs. Inflammasomes can recognize PAMPs or DAMPs and recruit and activate the pro-inflammatory protease caspase-1, thereby inducing cell death under pathological conditions of inflammation and stress. It is known that this process can promote the maturation and secretion of pro-IL-1β and pro-IL-18 during innate immune defense (23–25).

Current research indicates that there are five common inflammasomes, including NLRP1, NLRP3, NLRC4, Pyrin, and AIM2 (26). The NLRP3 inflammasome, in particular, has been widely investigated and is involved in a number of diseases, including type 2 diabetes and diabetic wounds (22, 27). NLRP3 may promote interaction with the pyrin domain (PYD) in ASC in response to immune activators (e.g., PAMPs, DAMPs), other exogenous invaders, or environmental stimuli. Subsequently, the caspase recruitment domain (CARD) of ASC binds to the CARD domain on pro-caspase-1 to generate the NLRP3 inflammasome. The creation of this complex causes pro-caspase-1 to self-cleave, resulting in an active caspase-1 p10/p20 tetramer, and the maturation of the pro-inflammatory cytokines IL-1β and IL-18 from their immature “pro” versions.

Activation of the NLRP3 inflammasome appears to proceed in two steps. The first step involves priming or initiation signals, and many PAMPs or DAMPs are recognized, leading to the activation of NF-κB-mediated signaling that upregulates the transcription of inflammasome-related components, including inactive NLRP3, pro-IL-1β, and pro -IL-18. The second step is the oligomerization of NLRP3 and the subsequent assembly of NLRP3, ASC, and pro-caspase-1 into a complex (28). Based on the available evidence and research results, pro-caspase-1 conversion to caspase-1 is accompanied by the release of mature IL-1β and IL-18. Furthermore, triggering PAMPs and DAMPs causes the creation of ROS, which promotes the assembly and activation of the NLRP3 inflammasome (Figure 1). Therefore, as the center of the inflammatory response, the NLRP3 inflammasome could be a potential therapeutic target for inflammatory illnesses. However, non-canonical inflammasome activation pathways mediated by mouse caspase-11 or human caspase-4/5 are independent of inflammasome activation. Pyroptosis was also successfully induced in response to intracellular lipopolysaccharide (LPS) detection (29). ASC (also known as PYCARD) is a protein containing pyran and CARD domains that aid in inflammasome assembly (30).




Figure 1 | NLRP3 inflammasome signaling pathway. It is known that the activation of NLRP3 is divided into two key steps: priming and activation. Signal 1 (priming; left): When pathogens and their products, injury, stress, and other signals stimulate cells, TLR, TNFR, and other receptors can be activated. NF-κB is activated through different pathways, which in turn promotes NLRP3, pro-IL-1β, and pro-IL-18. Provide a material basis for the activation and function of NLRP3 inflammasome. Signal 2 (activation; right): Multiple upstream signaling events are activated by PAMPs and DAMPs. These include K+ efflux, reactive oxygen species (ROS) production, etc. Inflammasome formation activates caspase-1, which cleaves pro-IL-1β and pro-IL-18. Gasdermin is also cleaved and inserted into membranes, forming pores and inducing pyroptosis.



The six members of the gasdermins are Gasdermin A–E and DFNB59 (31). Except for DFNB59, other components have been reported to be associated with the pyroptotic process. A peptide linker connects an N-terminal domain (effector domain that creates the transmembrane pore) to a C-terminal domain (with auto-inhibitory effects). Among gasdermins, gasdermin D(GSDMD) and gasdermin E(GSDME) are the most well-characterized in terms of activation and function (32). Gasdermin family members are mainly expressed in skin, gastrointestinal tract, and immune cells to actively eliminate infected cells through pyroptosis (33, 34). GSDMD is a substrate of caspase-1, a component of the inflammasome responsible for executing pyroptosis and secreting mature IL-1β (35). When caspase cleaves the gasdermin-N domain free, it binds to the lipids on the cell membrane and encourages the creation of pores, which causes the membrane to rapidly lose its integrity and allow the contents of the cell to flow out. Pore-forming activity and pyroptosis are therefore reduced in the absence of GSDMD activation (36). Of course, two critical steps in pyroptosis are inflammasome activation and GSDMD cleavage. Recent studies have found that disruption of mitochondrial membrane potential (MMP) and reactive oxygen species (ROS) production is commonly associated with macrophage pyroptosis (37).



Signaling pathways of pyroptosis


Canonical inflammasome signaling pathway (Caspase-1)

In most cases, the formation of the inflammasome requires pattern recognition receptors (PRRs) as sensors, the adaptor protein ASC (CARD-containing apoptosis-associated speck-like protein) and caspase1 (38). The assembly of inflammasomes triggers the hydrolysis of inactive pro-caspase-1 to active caspase-1, which converts the cytokines pro-IL-1β and pro-IL-18 into mature and bioactive IL-1β and IL-18, respectively (39, 40). Caspase-1 cleaves GSDMD, which is involved in membrane pore formation. Membrane pores cause the production of inflammatory molecules, including IL-1β and IL-18, which causes the cells to expand and eventually develop into pyroptosis (Figure 2).




Figure 2 | Molecular mechanism of pyroptosis. In the canonical inflammasome signaling pathway, PAMPs, DAMPs, and extracellular ATP are stimulated by intracellular signaling molecules and assembled with pro-caspase-1 and ASC to form inflammasomes and activated caspase-1. N-GSDMD perforates cell membranes by forming non-selective pores. In addition, IL-1β and IL-18 were secreted in the pores formed by N-GSDMD. In the non-canonical inflammasome signaling pathway, intracytoplasmic LPS activates caspase-4/5/11, which triggers pyroptosis by cleaving GSDMD. However, oxPAPC competes with LPS for binding to caspase-4, thereby inhibiting pyroptosis. Cleavage of GSDMD leads to K+ efflux that ultimately mediates the assembly of the NLRP3 inflammasome. Moreover, cleavage of GSDMD leads to cleavage of pro-IL-1β and pro-IL-18. In the caspase-3-mediated pathway, active caspase-3 cleaves GSDME to form N-GSDME, inducing pyroptosis. In the caspase-8-mediated pathway, inhibition of TAK1 induces the activation of caspase-8, which cleaves GSDMD, leading to pyroptosis. In addition, under hypoxia, TNF-α activates caspase-8 after apoptosis to pyroptosis, which can regulate the transcription of GSDMC.



Many multifactorial diseases, such as gouty arthritis, atherosclerosis, and type 2 diabetes, are exacerbated by NLRP3-mediated inflammation. PAMPs/DAMPs that activate NLRP3 include hyperglycemia, fatty acids, protein aggregates, and extracellular ATP, among many others (41, 42). The mechanism of activation of the NLRP3 inflammasome is clearly described in paragraph 2 (Figure 1). The inflammasome effector cytokines IL-1β and IL-18, due to NLRP3 activation, are major effector molecules that exacerbate these diseases. As a result, maintaining optimal cellular homeostasis and health requires fine-tuning NLRP3 inflammasome activity (43).



Non-canonical inflammasome signaling pathway (Caspase-4/5/11)

Mouse caspase-11 and its human orthologs caspase-4 and -5 are involved in non-canonical inflammasome signaling, and investigations of mouse caspase-11 have led to various findings concerning their immunological role (44). The TLR4/MD2 complex identified the pathogen-associated molecular pattern to activate inflammatory responses as lipopolysaccharide (LPS), a significant component of Gram-negative bacteria’s outer membrane (45). Myeloid differentiation factor 2 (MD2) is a key mediating protein required for the dimerization/activation of TLR4 (Toll-like receptor 4). LPS activates pro-caspase-4/5/11, and pro-caspase-4/5/11 initiates pyroptosis-mediated cell death (46). Caspase-4/5/11 binds to LPS and cleaves the 53-kDa precursor form of the GSDMD protein molecule, resulting in the formation of the N-terminus of the mature GSDMD p30 fragment. Thus, the formation of pores in the cell membrane results in the release of IL-1β and IL-18 from the cells and induction of pyroptosis (47, 48). Caspase-4/5/11 can also stimulate NLRP3-mediated caspase-1 initiation and IL-1β/IL-18 via GSDMD cleavage. GSDMD has been identified as an important downstream component of both canonical and non-canonical inflammasome pathways involved in pyroptosis (49, 50) (Figure 2).



Caspase-3-dependent pyroptosis pathway

Caspase-3, an apoptosis-executing protein, is the main protein responsible for the cleavage and activation of GSDME. In addition to GSDMD, GSDME also plays a crucial role in pyroptosis (51). Caspase-3 is activated by the mitochondrial and death receptor pathways and cleaves GSDME to form GSDME-N fragments, which lead to plasma membrane pore formation, cell swelling, and pyroptosis (52). GSDME protein molecules can be cleaved into N-terminal and C-terminal fragments by caspase-3. GSDME-N components are equivalent in function and purpose to GSDMD-N components (53). GSDME directly induces tumor cell pyroptosis through Caspase-3 and indirectly acts on T lymphocytes through Granzyme B, acting as a tumor suppressor gene (54). Furthermore, when chemotherapeutic drugs activate Caspase-3, primary human cells exhibit GSDME-dependent pyroptosis, providing new insights into cancer chemotherapy (54). These findings indicate that different caspase substrates, rather than activated caspases, influence the type of cell death induced.



Caspase-8-dependent pyroptosis pathway

Recent research has revealed unexpected roles for caspase-8’s enzymatic activity and scaffold function in inflammasome activation and pyroptosis induction (55). The activation of the ASC-caspase-1 inflammasome is caused by the production of catalytically inactive caspase-8, leading to GSDMD-mediated pyroptosis (56). In the presence of inhibitors, activation of caspase-8 cleaves GSDMD leading to pyroptosis. More research is needed to see if caspase-8 can directly cleave GSDMD or if other intermediary substrates, other than caspase-1/11, are necessary to produce the pore-forming p30 subunit (57). However, pure active caspase-8 has been demonstrated to cleave recombinant mouse GSDMD creating p30 pore-forming fragments (58). Following caspase-8 activation in tumor cells, GSDMC has been found to mediate tumor necrosis. The pyrogenic cell death mediated by GSDMC/caspase-8 provides essential insights into the pyroptotic pathway in cancer cells (59). Based on the current research results, the mechanism of pyroptosis induced by caspase-8 is not clear enough, and the research on its mechanism is a direction worthy of attention in the future.




Role of pyroptosis and inflammasomes in wound healing

Acute wound healing includes four stages: hemostasis, inflammation, proliferation, and remodeling (60). Excessive or long-term inflammation is one of the main characteristics of chronic wounds, since this condition negatively affects wound healing and leaves scars behind (61). The NLRP3 inflammasome is expressed in epithelial tissues, such as skin. As the first line of defense against external threats, it can participate in the skin’s innate immunity (62, 63).

The role of the NLRP3 inflammasome in the early stages of cutaneous wound healing is increasingly being investigated. Results of studies have demonstrated the effect of mulberry leaf and fruit extract (MLFE) on skin wound healing and the involvement of the NLRP3 inflammasome (64). Concurrently, research has revealed the function of the NLRP3 inflammasome in the proliferative and remodeling phases of wound healing (65). A combination of mulberry leaf and fruit extract (MLFE) provided better anti-obesity and anti-inflammatory benefits than mulberry leaf extract alone. Under obese conditions, the expression of the NLRP3 inflammasome and its associated markers (pro-caspase-1, IL-1β-precursor and IL-1β-mature) is higher than basal levels. Among them, the NLRP3 inflammasome is inhibited during the inflammatory phase of skin wound healing (66). The results showed that the addition of MLFE reduced body fat mass, fasting blood glucose levels, blood lipid levels, and hepatotoxicity. Therefore, body fat mass and fasting blood glucose may be potential indicators of delayed wound healing in obese patients. Although the exact activator or mechanism of the NLRP3 inflammasome is not known, it can be determined that MLFE normalizes the levels of the NLRP3 inflammasome and suppresses skin inflammatory responses during the early stages of wound healing in obesity (67). Deletion of the NLRP3 inflammasome will result in a decrease in proinflammatory cytokines such as IL-1β and TNF-α and delayed angiogenesis (68). MLFE may have potential therapeutic value in treating obesity and obesity-related complications, and NLRP3 might be a promising target in the fight against obesity wounds since it may promote the early healing of wounds. However, this study focused on detecting NLRP3-related proteins and ignored the close relationship between the inflammasome and pyroptosis. The article only detects pro-caspase-1 is not enough. If the expression of GSDMD and caspase-1 protein is detected, it is enough to show that it is related to pyroptosis, which may be another way to explore.

DNA nanomaterials with distinctive spatial configurations are known as tetrahedral framework nucleic acids (TFNAs) (69). TFNAs have excellent biosafety with anti-inflammatory, antioxidant, anti-fibrotic, angiogenic, and skin wound healing activities with little toxicity (70). In vitro and in vivo research have uncovered that TFNAs increase corneal transparency, speed wound reepithelialization, and play a positive role in corneal epithelial wound healing (71). TFNAs are not only beneficial for corneal wound healing but also for skin wound healing. The results of the study showed that treatment with TFNAs accelerated the healing process of skin wounds and reduced scarring. This is the first report that nanophase materials with nucleic acid biological properties can accelerate wound healing and reduce scarring, suggesting that TFNA can be used to promote skin tissue regeneration (72).

In addition, studies have shown that TFNA can promote diabetic wound healing by accelerating processes such as angiogenesis, epithelialization, and collagen deposition. Through their antioxidant activity via the PI3K/Akt/Nrf2/HO-1 signaling pathway, TFNAs can protect endothelial cell function, reduce inflammation, and prevent oxidative damage. The PI3K/Akt/Nrf2/HO-1 signaling pathway is regulated by metformin and plays a key role in metformin-induced osteogenesis. Therefore, the use of TFNAs could help diabetic wounds recover faster (73). As various local or systemic diseases promote skin inflammation, fibrosis (the result of a dysregulated tissue repair response) begins to dominate the repair process when the intensity or duration of skin damage exceeds the ability of the tissue to repair. As a result, medicines that substantially prevent skin fibrosis while also reducing immunogenicity, inflammation, apoptosis, and pyroptosis are required. TFNA inhibits the pyroptotic pathway and reduces inflammatory cytokine levels and skin collagen content in studies. Both NLRP3 inflammasome and pro-caspase-1 levels were down-regulated after TFNA treatment, indicating that the inflammasome was reduced and the active form of caspase-1 was reduced, resulting in a subsequent down-regulation of N-terminal GSDMD levels. The results showed that TFNA has anti-inflammatory and anti-fibrotic abilities without cytotoxicity (74). In this study, proteins related to pyroptosis and inflammasome signaling pathways were detected, including pro-caspase-1, caspase-1, NLRP3, GSDMD, etc. In a nutshell, TFNAs have important research significance for skin wound healing and have been confirmed to be closely related to pyroptosis and inflammasome pathways.

The research progress of bioactive glass (BG) in soft tissue repair is relatively rapid, especially in wound healing. The findings suggest that BG may accelerate wound closure, granulation development, collagen deposition, and angiogenesis (75). The method used in this study is that BG inhibits endothelial cell pyroptosis and promotes wound healing by regulating the Cx43/ROS signaling pathway. Therefore, BG inhibits the activation of caspase-1 by the NLRP3 inflammasome, attenuate the perforation activity of GSDMD, and ultimately inhibit the pyroptosis of endothelial cells (76). In addition, BG inhibits the production of ROS while regulating the expression of connexin 43 (Cx43) (77). Subsequently, BG promotes the formation of blood vessels resulting in accelerated wound healing. The study also made further proofs showed that BG could reduce the expression of Cx43 and the level of ROS, which strongly suggested that BG could inhibit the pyroptosis of endothelial cells (78). It has been shown that inhibiting pyroptosis enhances angiogenesis in many animal models, implying that BG also enhances angiogenesis. It can be concluded that BG can promote wound healing by impeding pyroptosis through the Cx43/ROS signaling pathway. Even though this study did not directly regulate pyroptosis and inflammasome signaling pathways, it did confirm their close relationship. It inspires us is that fewer drugs and methods inhibit pyroptosis, but it can be achieved by modulating other signaling pathways.

While the wound healing process is complex and dynamic, the pyroptosis and inflammasome pathways also have complex connections. There is currently a lack of studies on the crosstalk between multiple signaling pathways in wound healing or on pyroptosis and changes in the NLRP3 inflammasome at different phases of wound healing. Therefore, further in-depth study of other factors in the wound healing process will also provide us with new insights into the mechanism of wound healing. New treatment methods such as new carriers and new Chinese herbal extracts have been evaluated and will be used in the clinic in the future. How to optimize individualized treatment strategies while improving chronic inflammatory and pyroptotic states during wound healing needs to be considered.



Role of pyroptosis and inflammasomes in diabetic wound healing

Diabetic wound pathogenesis is complicated and involves numerous pathways. There is some evidence that suggests that the local hyperglycemic environment is the main factor leading to diabetic wounds, but recent research shows that factors such as oxidative stress damage, accumulation of advanced glycation end products (AGEs), and chronic inflammation are closely related to diabetic wounds (79, 80). Persistent inflammatory activation is the leading cause of chronic refractory diabetic wound, and an essential factor leading to diabetic foot ulcer (DFU), gangrene, amputations, and even the root cause of prolonged hospital stays and increased wound management costs (81).

Targeting the NLRP3 inflammasome, which plays a role in the pathophysiology of numerous inflammatory disorders, could be a potential target for enhancing diabetic wound healing. Neutrophils release extracellular traps (NETs) to defend against pathogens that induce tissue damage (82). NETs have been detected in diabetic wounds and have been associated with impaired healing processes, but the mechanism by which NETs pause wound healing and their role in promoting inflammatory dysregulation remain unclear (83). Overproduced NETs in diabetic wounds trigger NLRP3 inflammasome activation and IL-1β release in macrophages (84). Meanwhile, NETs up-regulates the levels of NLRP3 and pro-IL-1β through the TLR-4/TLR-9/NF-κB signaling pathway, triggering the production of ROS, and activating the NLRP3 inflammasome (85). Furthermore, in a diabetic rat model, NET digestion by DNase I reduced NLRP3 inflammasome activation, altered immune cell infiltration, and expedited wound healing (86).

In recent years, most studies have focused on the role of the inflammasome, especially NLRP3 and pyroptosis, on wound healing. The NLRP3 inflammasome has been characterized in a corneal epithelial wear model in which wound healing and non-regeneration of diabetic corneal wounds have been studied. Recent studies suggest that the NLRP3 inflammasome-mediated inflammation and pyroptosis contribute to the pathogenesis of diabetic keratopathy (DK) (87). NLRP3 is necessary for corneal wound healing and nerve regeneration in physiological circumstances (88). In diabetics, however, prolonged activation of the NLRP3 inflammasome causes corneal wound healing to be delayed and nerve regeneration to be hindered. In addition, inhibiting the AGEs/ROS/NLRP3 inflammasome axis genetically and pharmacologically greatly accelerates diabetic corneal epithelial wound closure and nerve regeneration (87). The study highlighted that ocular surface damage in diabetic mice might be related to ROS/NLRP3/Caspase-1/IL-1β signaling pathway (89, 90). Activation of the NLRP3 inflammasome by high glucose-induced P2X7R (purinergic ligand-gated ion channel 7 receptor) affects the pathogenesis of diabetic retinopathy (DR) (91). Therefore, it is known that NLRP3 inflammasome and pyroptosis play critical roles in DK and DR. In addition, NLRP3 and pyroptosis also have significant effects on diabetic wounds (Table 1).


Table 1 | Compounds or Molecules Inhibiting the Pyroptosis Signaling Pathway for the Treatment and Management of Diabetic Wound.



Glyburide is a commonly used sulfonylurea drug to treat type 2 diabetes (92). The capacity to suppress the NLRP3 inflammasome through a mechanism different from its ability to enhance insulin release from pancreatic beta-cells was recently discovered, and glyburide improves wound healing in diabetic mice (98). Cryopyrin/NALP3/NLRP3 is an essential component of the inflammasome triggered by PAMPs, DAMPs, and crystalline substances (99). Glyburide is the first chemical able to block PAMPs, DAMPs, and crystal-induced IL-1β production by acting upstream of cryoproteins. Inflammasome activity was persistent in macrophages (mø) isolated from diabetes and db/db mice wounds, which was associated with low expression levels of endogenous inflammasome inhibitors. Because a wound-conditioned medium activates caspase-1 and stimulates the production of IL-1β and IL-18 in cultured cells through a ROS-mediated route, soluble components in these wound biochemical conditions are sufficient to activate the inflammasome (100). Inhibiting inflammasome activity in wounds of db/db mice by topical application of pharmacological inhibitors improves wound healing. This treatment shifts from a pro-inflammatory state to a pre-healing state and increases pre-healing growth factor levels.

Bacillus subtilis is a probiotic that modulates immune responses and reshapes the gut flora (101). Bacillus subtilis (WB800N) has the ability to activate TLRs (Toll-like receptors) and enhance immune responses (102). In recent years, there has been evidence that diabetic wounds are associated with gut microbiota. Studies have shown that amoxicillin can reduce the alpha and beta diversity of the intestinal microbiota in mice, leading to intestinal microbiota disturbances, thereby alleviating diabetic wounds (103). It is also significant that Bacillus subtilis (WB800N) can relieve diabetic wounds by regulating Toll-like receptor-2 (TLR2) (93). TLR2 is a major innate immune response factor, and of immune response activation benefits diabetic wound healing (104). The results showed that Bacillus subtilis (WB800N) could increase the expression of TLR2, NLRP3, ASC and Caspase-1 in diabetic wound mice. However, the TLR2 antagonist SsnB could reduce the expression of TLR2, NLRP3, ASC and Caspase-1 in diabetic wound mice. NLRP3/ASC is required for Caspase-1 activation and pro-IL-1β cleavage to generate mature IL-1β. In conclusion, Bacillus subtilis (WB800N) promotes inflammatory response in diabetic wound mice by activating TLR2. This study only explored the NLRP3 inflammasome signaling pathway but lacked the detection of pyroptosis-related proteins. The authors believe that Bacillus subtilis (WB800N) promotes cell apoptosis, but it is actually more likely to be pyroptosis, which is worth exploring in the future.

Skin infections and the spread of Staphylococcus aureus (S. aureus) in mice are limited by perforin-2, an innate immune molecule against intracellular bacteria (105). The study showed the accumulation of S. aureus within the epidermal cells of DFU without clinical signs of infection due to significant inhibition of perforin-2 (106). Evidence from studies shows that S. aureus within the epidermis of DFU triggers AIM2 inflammasome activation and pyroptosis. From the results, increased induction of AIM2 inflammasome, ASC-pyroptosome, and IL-1β was found in non-healing DFU (107). The correlation of AIM2 with healing outcomes suggests that AIM2 has a central function in regulating the inflammatory response to DFU. There is evidence that the increase in IL-1β involved in pyroptosis is accompanied by an increase in the AIM2 inflammasome, resulting in the oligomerization of ASCs into pyroptosomes which then triggers the activation of pro-caspase-1 resulting in the cleavage of porins such as Gasdermin D, and the lysis of cells involved in inflammation (108). In patients with DFU, the inhibition of perforin-2, intracellular accumulation of S. aureus, and related blepharoptosis lead to the inhibition of wound healing and the persistence of inflammation (94). Intracellular S. aureus accumulates in the DFU epidermis as a result of perforin-2 suppression, triggering activation of the AIM2 inflammasome, which results in caspase-1-mediated IL-1β activation and proteolysis of the pore-forming gasdermin D processing. As a consequence of this cascade, holes are formed in the plasma membrane, opening up a pathway for pyroptosis and for the release of intracellular components. As a result, inflammatory mediators and accumulated intracellular S. aureus are released, leading to chronic inflammation and direct inhibition of wound healing. Further, it was determined that gasdermin D, one of the substrates of caspase-1, is also cleaved and activated by DFU (109). This study is the first to demonstrate that intracellular S. aureus can inhibit perforin-2 in DFU. Pyroptosis is the predominant form of cell death in DFU, but the possibility of other forms of cell death such as necroptosis, ferroptosis, and cuproptosis remains to be tested.



Pyroptosis inhibitors for the treatment and management of diabetic wounds

A growing body of research suggests that Bletilla striata polysaccharide (BSP), the main active ingredient in Bletilla striata, promotes normal or diabetic wound healing (110). This is due to the fact that BSP improves diabetic wound healing by infiltrating fibroblasts and enhancing collagen synthesis in the skin wound tissue. Furthermore, BSP is suitable for medical applications, including wound dressings, hydrogels, tissue engineering scaffolds, and drug delivery vehicles (111–113). This study has demonstrated that the therapeutic effect of BSP on DFU is mediated by inhibiting HG-induced NLRP3 inflammasome activation in macrophages, which increases insulin sensitivity in endothelial cells (95). The results showed that the expressions of TXNIP, NLRP3, pro-caspase-1, cleaved-caspase-1, pro-IL-1β and cleaved-IL-1β were increased in diabetic skin wounds. However, BSP treatment resulted in decreased levels of some proteins, such as pro-caspase-1, cleaved-caspase-1, pro-IL-1β, and cleaved-IL-1β. In addition, the sensitivity of BSP to insulin was improved.

BSP has a protective effect on macrophages and can significantly reduce the amount of ROS produced by HG, thereby preventing macrophages from being induced by HG. In addition to this, IL-1β secretion and NLRP3 inflammasome activation were also inhibited (114, 115). Additionally, BSP is thought to play an important role in preventing HG-induced endothelial cell inactivation and ROS homeostasis imbalance (116). The results showed that BSP more effectively protected BMDMs (Bone marrow-derived macrophages) from the HG-induced ROS production, inhibited NLRP3 inflammasome activation and reduced IL-1β secretion. It also reduced the abnormal production of ROS in CMECs (cardiac microvascular endothelial cells) while maintaining cell viability (114). Macrophage infiltration and angiogenesis in DFU are inhibited by IL-1β, TNF-α, and monocyte chemoattractant protein 1, which ultimately interfere with wound healing (117). This study showed that the dosing regimen of BSP affects the local production of TNF-α and IL-1β (especially in skin tissue), excluding serum levels.

BSP reduced macrophage infiltration and increased angiogenesis in cutaneous wound tissue. These results are in line with increased TNF-α and IL-1β levels in skin wound tissue. The potential of BSP to improve diabetic wound healing may be due to its inhibition of NLRP3 inflammasome activation in macrophages. Although the study did not explicitly mention that BSP inhibits the pyroptotic pathway, it is closely related to NLRP3. In addition to promoting the maturation and release of IL-1β, the over-activation of the NLRP3 inflammasome also leads to the over-activation of pyroptosis. In future research, we can consider detecting the expression of ASC-pyroptosome and GSDMD and explore the molecular mechanism of the pyroptosis and inflammasome pathway.

Paeoniflorin is one of the main active components in Paeonia alba Radix, with antioxidant and anti-inflammatory effects (118). The use of paeoniflorin can alleviate diabetic nephropathy by inhibiting the release of inflammatory cytokines and chemokines (TNF-α, IL-1β, and MCP-1) through toll-like receptor 2 (TLR2) inactivation (119). In recent years, traditional Chinese medicine has been recommended as adjuvant therapy for DFU patients (120). Herbal products containing phenolic compounds, terpenoids, or glycosides have positively affected managing diabetic complications (121). Activation of NLRP3 inflammasome in diabetic wounds can maintain inflammation and delay the wound healing process, so inhibiting the activation of NLRP3 inflammasome and the production of IL-1β can effectively promote the healing of diabetic wounds. Paeoniflorin treatment reduced inflammatory cells and decreased the expression levels of NLRP3 and cleaved-caspase-1. In addition, paeoniflorin significantly down-regulated IL-1β, IL-18 and TNF-α levels in DFU.

Paeoniflorin efficiently suppressed NLRP3 and NF-B-mediated DFU inflammation by inhibiting CXCR2, according to in vitro findings (122). CXCR2 is a neutrophil receptor that is activated by chemokines like CXCL1 and CXCL2. The activation of the NF-κB pathway in response to IL-1β drives the production of these chemokines. Additionally, studies have shown that TNF-α can regulate the chemokine network in inflammation-related diseases through the NF-κB signaling pathway (123, 124). CXCR2 has critical functions in neutrophil activation and recruitment at inflammatory sites, which provides a reference for positioning CXCR2 as a drug target for many inflammatory diseases. In HG-treated HaCaT cells, blockade of CXCR2 blunts NLPR3/ASC inflammasome activation. In conclusion, paeoniflorin inhibits the formation of NLRP3/ASC/caspase-1 inflammasome and the NF-κB transcription by blocking CXCR2, inhibiting the release of pro-inflammatory cytokines, and promoting the healing of diabetic wounds (96). Although the current evidence is insufficient and further exploration is needed, studies have shown that paeoniflorin is a potential drug for the treatment of DFU.

Heparan sulfate (HS) is a structural element of tissue scaffold and regulates activities of locally synthesized proteolytic enzymes, morphogens, chemokines and growth factors (125, 126). Morphogens are proteins that encode transcription factors, receptors and regulate translation. HS was shown to improve the healing of diabetic wounds in rats by reducing the inflammatory response (127). DAMPs are increased during diabetes to act as activators of the NLRP3 inflammasome and these activators promote inflammasome assembly leading to insulin resistance and organ dysfunction (128). Based on the existing results, it is speculated that HS may promote wound healing by reducing neutrophil infiltration and accumulation of macrophages (129). Moreover, diabetic wounds are more prone to inflammation than different types of wounds. Cleaved-IL-1β and IL-18 play key roles in wound inflammation through interactions with pro-inflammatory cytokines. Research evidence indicates that antagonists of cleaved-IL-1β or IL-18 may be used to treat inflammatory diseases such as gout, arthritis, or arthritic pain. Among them, TNF-α is a representative pro-inflammatory factor, and high levels of TNF-α can amplify and prolong the inflammatory response. The study found that HS significantly reduced Cleaved-IL-1β, IL-18 and TNF-α levels in diabetic rats (130). In addition, it may be possible for HS to work as an anti-inflammatory mechanism by inhibiting the NLRP3 inflammasome activity, so that controlling the level of NLRP3 inflammasome activity can be a method for treating diabetic wounds (97). In the process of wound healing, HS can promote wound healing in diabetic rats. The activation of Cleaved-IL-1β, IL-18 and TNF-α was decreased, and the expressions of NLRP3 and ASC were decreased in the HS group. HS inhibits the inflammatory response and promotes wound healing during diabetic wound healing by down-regulating NLRP3 inflammasome and Cleaved-IL-1β. Therefore, reducing the production of inflammatory factors and the reduction of neutrophil infiltration in the diabetic wound will improve the diabetic wound environment and ultimately shorten the wound healing time (Figure 3).




Figure 3 | The therapeutic significance of potential molecules or materials for diabetic wound by inhibiting pyroptosis and inflammasome NLRP3 and AIM2.



The NLRP3 inflammasome plays an essential physiological role in skin wound healing. Therefore, targeting NLRP3 inflammasome activity and its effectors may be an effective therapeutic strategy to reduce chronic inflammation and promote healing in diabetic wounds. During wound healing, the transient activity of the inflammasome promotes the propagation of wound inflammation and is critical for both epidermis and dermis healing (131). Among the strategies for inhibiting pyroptosis and the NLRP3 inflammasome signaling pathway, drugs such as glyburide and metformin are the closest to clinical translation. In published studies, a variety of compounds can be used to directly or indirectly inhibit NLRP3 inflammasome activity in diabetic wounds. Improves diabetic wound healing by affecting pyroptosis and NLRP3 inflammasome or upstream and downstream signaling. Most researchers are now keen to inhibit the inflammasome pathway to improve diabetic wounds. However, it is often overlooked that inflammation and pyroptosis are closely related. The research horizon should be broadened, and more attention should be paid to pyroptosis while detecting the inflammasome pathway, which may lead to surprising results.



Conclusion and future prospectives

In recent years, numerous studies have demonstrated that pyroptosis plays a vital role in developing diabetes and its complications. This article has reviewed the impact and role of pyroptosis in diabetic wound healing and the inflammasome is a crucial player in pyroptosis. Danger signals or stimuli cause the activation of caspase-1/4/5/11/3/8 and release IL-1β, IL-18 and other inflammatory factors, resulting in cell pyroptosis. Pyroptosis inhibits wound healing and prolongs the inflammatory response in diabetic wounds, and multiple studies have demonstrated that inhibition of pyroptosis improves wound healing. This review has described some potential drugs and molecules that may be helpful to targets for managing and treating diabetic wounds in the future.

At present, there are few studies on pyroptosis in diabetic wounds, and extensive research is needed to deeply analyze and elucidate the mechanisms and pathophysiological roles of pyroptosis and inflammasome in diabetic wounds. Furthermore, unlike common cell death mechanisms, ferroptosis and cuproptosis have become research hotspots in recent years. Among the forms of cell death in wound healing or diabetic wound healing, the possibility of other forms of cell death (such as necroptosis, ferroptosis, and cuproptosis) remains to be confirmed and is an area worthy of future attention and research. A more in-depth examination of the various modes of cell death could provide new insights into the pathogenesis and development of diabetic wounds.
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Diabetic neuropathy is regarded as one of the most debilitating outcomes of diabetes. It can affect both the peripheral and central nervous systems, leading to pain, decreased motility, cognitive decline, and dementia. S-palmitoylation is a reversible posttranslational lipid modification, and its dysregulation has been implicated in metabolic syndrome, cancers, neurological disorders, and infections. However, the role of S-palmitoylation in diabetic neuropathy remains unclear. Here we demonstrate a potential association between activating protein palmitoylation and diabetic neuropathy. We compared the proteomic data of lumbar dorsal root ganglia (DRG) of diabetes mice and palmitoylome profiling data of the HUVEC cell line. The mapping results identified peroxiredoxin-6 (PRDX6) as a novel target in diabetic neuropathy, whose biological mechanism was associated with S-palmitoylation. Bioinformatic prediction revealed that PRDX6 had two palmitoylation sites, Cys47 and Cys91. Immunofluorescence results indicated PRDX6 translocating between the cytoplasm and cell membrane. Protein function analysis proposed that increased palmitoylation could competitively inhibit the formation of disulfide-bond between Cys47 and Cys91 and change the spatial topology of PRDX6 protein. Cl–HCO3- anion exchanger 3 (AE3) was one of the AE family members, which was proved to express in DRG. AE3 activity evoked Cl- influx in neurons which was generally associated with increased excitability and susceptibility to pain. We demonstrated that the S-palmitoylation status of Cys47 could affect the interaction between PRDX6 and the C-terminal domain of AE3, thereby regulating the activity of AE3 anion exchanger enzyme in the nervous system. The results highlight a central role for PRDX6 palmitoylation in protection against diabetic neuropathy.
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Introduction

Diabetes mellitus (DM), with an increasing prevalence, has systemic implications for health and quality of life. Among the various complications of diabetes, diabetic neuropathy (DN) is of the most importance, which can affect the peripheral nervous system, central nervous system, pain receptors, gastrointestinal systems, etc. Diabetic peripheral neuropathy (DPN), is characterized by mechanical allodynia, spontaneous pain, and paresthesia (tingling, shooting, or electric shock sensations), affecting 25 to 30% of patients with diabetes over the course of the disease (1, 2). In central nervous systems, DN can lead to decreased motility, cognitive decline, and dementia. However, currently, no treatment could clearly or effectively reverse DN in clinical. It is thus of great significance to study its molecular pathogenesis and aid in development of novel treatments for this condition.

Although the precise cellular mechanisms of DN remain poorly understood, some promising clues have emerged. Recently, various ion channels are promising topics on the mechanisms of pain inducing. The dynamic of ion channels, including sodium, potassium, calcium and chloride channels, can regulate transmission and processing of pain signals (3–5). Among those, calcium-activated chloride channels (CaCCs) intrigued us, for expressing in the neurons. Using of CaCCs current blockers can inhibit bradykinin-induced acute nociceptive pain in dorsal root ganglia (DRG) neurons (6). However, the Cl-HCO3- ion channel, which can cause chloride influx as CaCCs, is rarely studied in diabetic neuropathic pain.

S-Palmitoylation is a dynamic and reversible posttranslational modification of palmitate onto cysteine residue of a protein, which is catalyzed by palmitoyltransferases (PATs), a family of integral membrane enzymes (7). The human PATs comprise a family of 23 zinc-Asp-His-His-Cys (ZDHHC). S-Palmitoylation regulates a variety of intracellular functions (8–10), including protein localization, protein trafficking, protein sorting, protein stability, protein-protein interaction, etc. The development of click-chemistry-based mass spectrometry technology facilitates palmitoylome profiling, revealing that palmitoylation plays a crucial role in the occurrence and development of a large number of human diseases, such as cancer, neurodegenerative diseases, inflammatory bowel disease and immune diseases (11, 12). Excitingly, emerging evidence prove that S-palmitoylation is involved in insulin functions of resistance and secretion (13). However, the mechanism of S-palmitoylation in the occurrence and development of DN is uncovered and worth exploring.

In this study, we investigated the potential role of S-palmitoylation in DN by the proteomic and palmitoylomic data, and we identified PRDX6 as a novel candidate of S-palmitoylation in diabetic lumbar dorsal root ganglia (D-DRG). Furthermore, we analyzed the gene expression of PRDX6 in human nervous system. The results also showed that S-palmitoylation modified the Cys47 of PRDX6, and this modification enhanced its interaction with anion exchanger 3 (AE3) and activated the Cl-/HCO3- flux inducing pain in D-DRG. This study will advance our understanding of S-palmitoylation in diabetes and will provide a new nutritional approach for diabetes associated neuropathy.
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Identifying S-palmitoylation candidates in DRG

The D-DRG protein set was obtained from Marc’s research (14). They first established BKS-db/db mice contain a mutation of the leptin receptor, and then performed tandem mass tag labelling and mass spectrometry analysis of lumbar DRG in type 2 diabetes model. They performed functional cluster analysis of differential expression proteins and revealed 88 distinguished proteins (Supplementary Table 1). The data of palmitoylome in the human umbilical vein endothelial cells (HUVECs) was obtained from Wei’s research (13). They used acyl-biotin exchange chemistry technique to screen the proteins modified by S-palmitoylation in HUVECs. Proteins with a threshold of stable isotope labeling by amino acids in cell culture (SILAC) ratio of >1.5 were palmitoylation candidates. They screened out 100 S-palmitoylation candidates, and we chose these proteins for analysis in this study (Supplementary Table 2). We mapped and visualized those two protein-sets by Hiplot (https://hiplot.org).



RNA-seq database

The RNA-sequencing (RNA-seq) data of the AEs family for 55 tissue types was obtained from the Consensus dataset, which was based on a combination of RNA-seq data from Internally generated Human Protein Atlas (HPA) and the Genotype-Tissue Expression (GTEx) project. The transcript per million (TPM) was normalized separately using Trimmed mean of M values (TMM) to allow for between-sample comparisons. The normalized expression (nTPM) levels were calculated for each gene in every sample.

The single cell RNA-sequencing (scRNA-seq) dataset was retrieved from the Single Cell Type Section of HPA. The data of scRNA-seq was performed on single cell suspension from tissues without pre-enrichment of cell types, and pseudo-bulk gene expression profiles were highly correlated with bulk RNA-seq profiles. The protein-coding genes were classified according to specificity into cell type enriched genes, group enriched genes and cell type enhanced genes. The cell type enriched genes were at least fourfold higher expression levels in one cell type as compared with any other analyzed cell type. The group enriched genes were enriched expression in 2-10 cell types. The cell type enhanced genes were only moderately elevated expression. These cluster results were visualized by the UMAP plot.



The construction of PPI network

We performed the protein-protein interaction (PPI) analysis by STRING 11.5 (15). The input data was the 88 D-DRG proteins and 23 members of the ZDHHC family. We constructed full STRING network, which protein interactions included both functional and physical protein associations. The active interaction sources contained Text mining, Experiments, Databases, Co-expression, Neighborhood, Gene Fusion, and Co-occurrence. We set 0.400, indicating medium confidence, as the minimum required interaction score.



MCL clustering

We clustered the nodes (proteins) in the PPI network by the Markov Cluster Algorithm (MCL) using the STRING tool. The MCL inflation parameter was set as 3. Edges between clusters were shown in dotted line, and each dot color was coded by its cluster.



Enrichment analysis

We performed the Gene Ontology (GO) Functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment for the 88 D-DRG proteins and the 23 ZDHHCs. We defined Strength as Strength = lg (b/e), which was used to describe the enrichment effect. Here b refers to the number of proteins in the D-DRG network that were enriched in a term; e denotes the number of proteins that we expected to be enriched with this term in a random network of the same size from the genome. We used the False Discovery Rate (FDR) to describe the significance of the enrichment. FDR was the p-values corrected for multiple testing within each category using the Benjamini–Hochberg procedure.



S-palmitoylation site prediction

We used the CSS-Palm software (version 4.0) to predict the S-palmitoylation site of PRDX6 and CANX based on their protein sequence in FASTA format. CSS-Palm 4.0 included a forth-generation of Group-based Prediction System (GPS) algorithm and the training data set contained 583 palmitoylation sites from 277 distinct proteins. The Particle Swarm Optimize (PSO) was also integrated to GPS. The leave- one-out validation and 4-, 6-, 8-, 10-fold cross-validations were performed to evaluate the prediction performance and system robustness.



Protein domain analysis

We performed protein domain analysis for PRDX6 based on its protein sequence by the HMMER tool. HMMER was a tool for biosequence analysis using profile hidden Markov models. The functional domain analysis of the AE family was performed based on their protein sequence in the InterPro protein families and domains database (16).



Immunohistochemistry

The Immunochemistry (IHC) data of PRDX6 was obtained from the HPA database. We chose the IHC results of PRDX6 stained by the antibody of CAB008663. The antibody staining in the cell types of glial cells and neuronal cells in the human brain was reported as not detected, low, medium, or high. This score was based on the staining intensity and fraction of stained cells.



Immunofluorescence Staining

The indirect immunofluorescence (IF) microscopy was used to determine the subcellular location of PRDX6 and CANX (species-specific secondary antibodies labelled by Alexa Fluor 488, green) in human cancer cell lines. The staining of nuclei was labeled by 4’,6-diamidino-2-fenylindol (DAPI) in blue, and the endoplasmic reticulum (ER) was labeled by Alexa Fluor 647 staining for calreticulin (yellow). All IF data was obtained from the HPA database.




Results


PRDX6 is a palmitoylated candidate in diabetic DRG

Marc et al. have established type 2 diabetes model (BKS-db/db mice) and characterized the proteome of D-DRG by tandem mass tag labelling and mass spectrometry analysis (14). In the human body, S-palmitoylation is catalyzed by the ZDHHCs family. To explore the association between diabetic neuropathy and S-palmitoylation, we performed PPI analysis for Marc’s D-DRG proteome data and 23 ZDHHCs. Since clustering analysis of the nodes in the PPI network can further mine the potential relationships of the nodes in the network, we performed MCL clustering for the nodes of the PPI network. As shown in Figure 1A, the edge and cluster between CANX and ZDHHC6 was the only interaction between D-DRG proteins and ZDHHCs. Wei and colleges performed quantitative proteomic profiling of human endothelial cells using stable isotope labeling by amino acids combined with acyl-biotin exchange chemistry in cell culture and identified ≈ 380 putative palmitoylated proteins (13). To further discover D-DRG associated S-palmitoylation candidates, we mapped the palmitoylome data of HUVEC and the D-DRG proteome data. The Venn diagram showed CANX and Peroxiredoxin 6 (PRDX6) were the intersection proteins (Figure 1B). CANX and PRDX6 were significant proteins in D-DRG, which biological function could be regulated by the posttranslation modification of S-palmitoylation. By using the CSS-Palm software, we analyzed the FASTA data of amino sequence to predict the palmitoylation sites of CANX and PRDX6. The protein architectures revealed that CANX had eight palmitoylation sites and PRDX6 had two predicted novel palmitoylation sites of Cys47 and Cys91 (Figure 1C). It has been reported that ZDHHC6 was responsible for the Cys502 of CANX S-palmitoylation modification (17). However, the S-palmitoylation of PRDX6 has not been reported before. As a result, we chose PRDX6, but not CANX, for further study. Since conserved amino acid sites among species often have important biological functions, we compared the amino acid sequence of PRDX6 in five species of Homo sapiens, Xenopus tropicalis, Mus musculus, Rattus norvegicus, and Oryctolagus cuniculus. The Cys47 was conserved among species, but not Cys91 (Figure 1D). PRDX6 contains only one conserved cysteine residue (Cys47) rather than the two found in other six members of the PRDX family (18). These results indicated that the S-palmitoylation modification of Cys47 may play an important role in the biological function of PRDX6 in D-DRG.




Figure 1 | Identifying significant proteins modified by S-palmitoylation in DRG proteome of diabetic mice. (A) PPI network analysis of differential expression proteins in diabetic mice DRG and the ZDHHC protein family. The edges between each node indicate both functional and physical protein associations, and the line thickness indicates the strength of data support. The edges between MCL clusters were set as dotted lines. (B) Venn diagram showed the mapping results of DRG proteins and S-palmitoylation candidates identified by acyl-biotin exchange and mass spectrometry. (C) The prediction results of CANX and PRDX6 S-palmitoylation sites. (D) Sequence alignment among the PRDX6 amino residues of Homo sapiens, Xenopus tropicalis, mus musculus, Rattus norvegicus, and Oryctolagus cuniculus. Palmitoylation sites of Cys47 that are conserved in all species are shown in red bold type, and Cys91, not conserved in all species, are shown in bold type only. PPI, protein-protein interaction; MCL, Markov Cluster; DRG, dorsal root ganglia; Cys, cysteine.





PRDX6 expression in central nervous system

DM can affect not only the peripheral nervous system such as the DRG, but also the central nervous system. We analyzed the gene expression of PRDX6 in the brain, to explored whether PRDX6 could play a certain molecular function in the central nervous system. The bar-plot showed PRDX6 mRNA expression distributed in all the 13 regions of human brain sample (the HPA Human brain dataset), but there was low region specificity (Figure 2A). The UMAP plot visualized the scRNAseq data of PRDX6 in the brain cell type clusters (the HPA Human brain dataset), and PRDX6 was significantly upregulated in the astrocyte cluster (Figure 2B), which was similar to the expression levels of astrocyte markers of ALDH1L1, GFAP, and SLC1A3 (Supplementary Figure 1). Immunohistochemistry (IHC) results of human brain tissue also revealed that PRDX6 was overexpressed in the Glial cells than the neuron (Figure 2C), which cross proved the scRNAseq results.




Figure 2 | PRDX6 expression in human brain (the HPA database). (A) The bar-plot shows normalized RNA expression levels of PRDX6 in the 13 human brain regions. Color coding is based on brain region and the bar shows the highest expression among the subregions included. The bar-plot in red shows the distribution of PRDX6 mRNA expression in subregions of Hypothalamus. (B) The UMAP plot shows mRNA expression of PRDX6 in the single cell type clusters identified in brain tissue, and each dot corresponds to a cell. The bar-plot shows the mRNA expression levels of PRDX6 in each cell type cluster. The unique color assigns to each cluster. (C) The immunohistochemistry results of PRDX6 in histological sections from normal human brain tissues. nTPM, normalized transcript per million.





The subcellular location of PRDX6

We performed GO functional annotation of Cellular component (CC) for the D-DRG protein set and the ZDHHCs family (Supplementary Table 3). There were 18 CC terms including PRDX6, as shown in the bubble plot (Figure 3A). The immunofluorescence (IF) results (Figure 3B) indicated that PRDX6 detected in the Plasma membrane and Cytosol in the human cancer cell lines of A-431 (Epidermoid carcinoma), U-2OS (Osteosarcoma), and U-251 MG (Glioblastoma). However, CANX localized to the Endoplasmic reticulum (Supplementary Figure 2). The schematic showed the subcellular localization of PRDX6 to Plasma membrane and Cytosol (Figure 3C).




Figure 3 | The distribution of PRDX6 in cellular components. (A) The GO functional categories of DRG proteins and ZDHHCs were performed by STRING. The CC terms including PRDX6 were selected and visualized in the bubble plot. (B) The Immunofluorescence results of PRDX6 in human cell lines indicate PRDX6 localizes in the plasma membrane and cytoplasm. (C) The schematic of PRDX6 subcellular localization. GO, Gene Ontology; CC, Cellular Component. A-431, Epidermoid carcinoma cell line; U-2OS, Osteosarcoma cell line; U-251 MG, Glioblastoma cell line.





The biological function of PRDX6

To discover the biological function of PRDX6, the GO functional enrichment of Biological Process (BP) and Molecular Function (MF) was also performed for the D-DRG proteins and the ZDHHC family (Figure 4A). BP results revealed that PRDX6 was involved in 25 biological processes (Supplementary Table 4). It was reported that PRDX6 translocation to the plasma membrane can increase its PLA2 activity (19), and PRDX6 was one of the D-DRG protein. Thus, we focused on BP terms of Establishment of localization in cell, Cellular localization, Transport, Localization, Organic substance metabolic process, Metabolic process, Cellular metabolic process, Primary metabolic process, and Regulation of metabolic process, which associated with localization and metabolic were identified and visualized in the bubble plot. PRDX6 was involved in six MF terms, including Catalytic activity, Antioxidant activity, Cell adhesion molecule binding, Cadherin binding, Identical protein binding, and Protein binding (Supplementary Table 5). We also performed KEGG pathway enrichment analysis (Supplementary Table 6), and found PRDX6 was only enriched in the Glutathione Metabolism Pathway (Figure 4B). To validate the molecular function of PRDX6, we analyzed the sequence of PRDX6 by the HMMER webserver which was based on hidden Markov models. As shown in Figure 4C, PRDX6 had two domains of AhpC-TSA (Alkyl hydroperoxide reductase subunit C/Thiol specific antioxidant) and 1-cysPrx_C (C-terminal domain of 1-Cys peroxiredoxin). The AhpC-TSA domain had two active sites of Cys47 and Asp140, including the conserved S-palmitoylation site of Cys47, indicating the S-palmitoylation modification of Cys47 may involve in the antioxidant function of PRDX6.




Figure 4 | The biological function of PRDX6. (A) The bubble plots show the BP and MF terms of GO functional enrichment including PRDX6. (B) The DRG proteins of GSTM2, GSTM5, GSTM1, IDH2, and PRDX6 participate in the KEGG pathway of Glutathione metabolism (hsa00480). (C) The domain analysis and visualization were performed by the HMMER database. The architecture of PRDX6 protein shows the two domains of AhpC-TSA and 1-cysPrx_C, and there are two active sites of Cys47 and Asp140 in AhpC-TSA. BP, Biological Process; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes. Asp, aspartic.





PRDX6 interacts with AE3 in nervous system

Previously, Sara et al. demonstrated that PRDX6 is a binding partner of the C-terminal tail of anion exchanger 1 (AE1), a Cl-/HCO3-exchanger, and conformed that PRDX6-AE1 interaction could be disrupted by the Cys47Ala (alanine) mutation of PRDX6 (18). However, AE1 only expressed in erythrocytes (eAE1) and at the basolateral surface of intercalated cells in the kidney (kAE1), not detected in the nervous system. Since the AE (gene symbol Slc4) family of HCO3- transporters consists of four members, we analyzed the expression of the four AEs in human tissues by RNA-seq data to identify the significant AEs in the nervous system. As shown in the bar-plots (Figure 5A), AE2, AE3 and AE4 were detected in the brain. Then we analyzed the functional domain of AEs to explore the protein structure in the C-terminal of them each. Figure 5B revealed that all of the AEs had a HCO3-transport domain in the C-terminal. Although the protein sequence of HCO3-transpont-like transmembrane domain of AE1 has a gap of 4 amino acids (aa 555-558), the four AEs have the same domain in the C-terminal. However, only AE3 has been proved to present in DRG; AE3 expression enhanced during short and long-lasting formalin-induced nociception (19), and spared nerve injury enhanced base-line AE3 expression in L4 and L5 DRGs (20). Since PRDX6 overexpressed in the D-DRG and could be modified by S-palmitoylation, we demonstrated that the palmitoylation of PRDX6 participated in the interaction between PRDX6 and the C-terminal tail of AE3 in DRG, which could activate the influx of Cl- and extra-flux of HCO3-, resulting in pain and decrease of pH (Figure 6).




Figure 5 | The gene expression and molecular function analysis of AEs. (A) The bar-plots showed tissue specificity of AEs mRNA expression in human based on RNA-sequencing data from the consensus dataset. (B) The protein domain analysis of the AE family (AE1-4). The amino acid sequences of key domains are shown in purple. HCO3-transpt-like_TM_dom, Bicarbonate transporter-like transmembrane domain.






Figure 6 |  A schematic of the involved molecular mechanism that S-palmitoylation mediated reduction of disulfide bond (Cys47-Cys91) on PRDX6 activated its interaction with AE3 and induced its translocation from the cytoplasm to the plasma membrane. PRDX6-AE3 interaction enhanced the Cl- influx and HCO3- extra flux, causing pain and decline of pH in D-DRG.






Discussion

As a diabetic complication with high incidence, DN has brought a huge impact on the prognosis and life quality of individual. Since pain is the most common DN symptom, the mechanism of ion channels has attracted more attention of scholars. At present, researches on the mechanism of pain caused by DN mainly focuses on sodium and potassium channels (21–23). Recently, the role of chloride ion channels in pain has gradually attracted people’s attention. Specific chloride flux participates in signal transduction and amplification at the peripheral nerve terminal, conduce to excitability and action potential generation of sensory neurons, or crucially shape synaptic transmission in the spinal dorsal horn. Besides, inflammatory mediators can modify the chloride channels through protein-protein interaction and signaling cascades, affecting them directly. Since chloride fluxes, modulated by chloride channels, can regulate pain disorders and contribute to nociceptor excitation and sensitization, their role in nociceptive primary afferents is critical. DRG neurons express several types of chloride channel belonging to different channel families, including ligand-gated, GABA, Ca2+-activated chloride channels of the anoctamin (also known as TMEM16), CLC chloride channels and transporters, CFTR (cystic fibrosis transmembrane conductance regulator), Best1 (bestrophin) family, as well as VRACs (volume-regulated anion channels). Besides, Na+-independent Cl–HCO3–anion exchanger, which is proved for the intracellular Cl– accumulation, is expressed in 60% of peptidergic and 30% of non-peptidergic DRG neurons (20). However, the Cl–HCO3–ion channel is rarely studied in diabetic neuropathic pain.

AEs, members of solute carrier families 4 (SLC4) family, including AE1, AE2, AE3, and AE4, are transporters exchanging one intracellular HCO3‐ for one extracellular Cl‐. In our results, we found AE1 was not detected in the nervous system and AE2 together with AE4 were widely expressed in various tissues with no tissue specificity. AE3 mainly distributed in the brain, heart and ovary. There were evidences that AE3 was present in DRG and participates in the development and maintenance of short and long-lasting formalin-induced nociception (19). Furthermore, it also contributed to mechanical allodynia and thermal hyperalgesia in neuropathic rats (20). Therefore, we speculate that AE3 is also related to the occurrence of diabetic neuropathy pain, and its mechanism is more worthy of our study. Previous research had shown that PRDX6 and AE1 were co-localized in human kidney by immunostaining. PRDX6-AE1 interaction at cysteine residue (Cys47) conduced to preserve AE1 function during cellular stress such as during metabolic acidosis. In this research, we analyzed the functional domain of AEs to explore the protein structure and found the four AEs had the same domain in the C-terminal. Our results proposed that the S-palmitoylation of Cys47 was associated with PRDX6-AE3 interaction and activated the influx of chloride ions caused by AE3, which could promote the occurrence of pain in DN.

The PRDX family, with peroxidase and antioxidant activity, was comprised of six members. Among those, PRDX6 was distributed in tissues of the brain, heart, kidney, lung and testis. Recently, studies had proved that PRDX6 was involved in cancer (24), inflammatory diseases (25), ischemic stroke (26), traumatic brain injury (27) and neural degenerative diseases (28). Also, PRDX6 was unique for its containing only one conserved cysteine residue (Cys47) rather than the two found in other PRDXs (29) and Cys47 was evolutionally conserved in PRDX6 among most species. Furthermore, we predicted Cys47 and Cys91 were S-palmitoylation sites of PRDX6, but only Cys47 was the active site of functional domain in PRDX6. The results of our analysis showed that PRDX6 could bind with AE3 in the DRG, as the physical interaction of PRDX6-AE1 had been proved in human kidney. However, it is not yet known the underlying mechanism of PRDX6-AE3 interaction.

We demonstrated that the S-palmitoylation of Cys47 and Cys91 could affect the steric structure of PRDX6 and promote the PRDX6-AE3 interaction. On the one hand, the Cys47 and Cys91 sites of PRDX6 could form a disulfide bond, and mutation of Cys91 alone suppressed the formation of disulfide bond without affecting the function of the Cys47 site for PRDX6 (30). As S-palmitoylation on the Cys site could reduce disulfide bond formation (31), the S-palmitoylation of Cys47 and Cys91 could change the spatial topology of PRDX6 and expose its functional domain. On the other hand, S-palmitoylation could stabilize the location of a protein on cellular membrane. As AE3 was a transmembrane ion channel, the S-palmitoylation of PRDX6 could facilitate the colocalization of AE3 and PRDX6 on the cellular membrane. Taken together, S-palmitoylation of PRDX6 at Cys47 influences its interaction with AE3 and promotes chloride influx, which is a new mechanism of DN pain.

Previous researches had shown that PRDX6 had multiple functions including glutathione peroxidase (GPx) activity, lysophosphatidylcholine acyl transferase activity and phospholipaseA2 (PLA2) activity (32). The current research mainly focused on the PLA2 activity of PRDX6. NADPH oxidase (Nox) was an important activator of inflammatory signaling pathway, which was widely reported as one of the mechanisms of diabetes. Studies had confirmed that the PLA2 activity of Prdx6 was related to Nox activation (33). The PLA2 activity inhibitor MJ33 also inhibited the activity of Nox1, suggesting that Nox1 function was related to the PLA2 activity of Prdx6 (34). Experiments had confirmed that Prdx6 overexpression could lead to inactivation of p38, MAPK and JNK signaling pathways (35). Some scholars confirmed through in vitro and in vivo studies that the PLA2 activity of Prdx6 was related to the secretion of neuroinflammatory factors IL-1β, IL-17 and IL-23, and could upregulate the expression of TLR2/4 and induce the activation of NF-κB (36). Current studies uncovered that the activity regulation of Prdx6 was affected by factors such as subcellular localization, substrate binding and post-translational modification. As one of the post-translational modifications, the S-palmitoylation of PRDX6 stabilizes its localization on the membrane, which enhanced its PLA2 activity and promoted the release of inflammatory factors (37). However, no direct effect of PRDX6 with onion channel function inducing pain had been reported. Those functions of PRDX6 corresponded to the enrichment analysis results of D-DRG proteins, which only showed that PRDX6 was related to oxidative stress, but not involved in ion channels.

At present, the research on the pathogenesis of diabetes and S-palmitoylation mainly focused on the bidirectional regulation of S-palmitoylation on pancreatic islet function. Under normal physiological conditions, specific G-proteins of H-Ras, Rac1 and Cdc42 were critical S-palmitoylation substrates for islet function and insulin secretion (38). Additionally, those G-proteins were also demonstrated to be S-palmitoylation modified under pathophysiological conditions of glucolipotoxicity, the generation of nitrosative and oxidative stress, and cytokine exposure in the islet-cell (39–42). However, little was known about the mechanism of palmitoylation and DN pain.

In our research, we compared the proteomic data of lumbar DRG of diabetes mice and palmitoylome profiling data of the HUVEC cell lines. Since palmitoylation was a non-specific reaction and thousands of proteins had been proved which could be modified by S-palmitoylation (43), so we convinced that the proteins undergo S-palmitoylation could in other cells types in addition to the HUVEC cells. However, ZDHHCs and palmitic acid were sufficient and necessary conditions for S-palmitoylation of substrates. It was not excluded that other S-palmitoylation substrates in DPN model were not expressed and/or detected in HUVEC cells. The above conclusions did not affect the hypothesis that S-palmitoylation plays an important role in the pathogenesis of DPN. Thus, this study provided a theoretical basis for further biological verification.

In this study, the protein interactions included both functional and physical protein associations, which was based on different kinds of data sources. The interaction score was based on the detailed information of these sources, which would affect the result of each PPI network generated by the STRING tool. The links only indicated the connections between each dot with medium confidence, as we set 4 as the minimum required interaction score. Most of the S-palmitoylations in the human body were catalyzed by PATs of the ZDHHC family. So, potential but weaker connections of ZDHHCs could also exist, in addition to the links visualized in this network. The PPI networks revealed potential interactions among proteins based on prior knowledge, which could potentially explain that ZDHHC6 was not even connected to the cluster of their own gene families.

Palmitoylation substrates were generally paired with PATs, and this correspondence was generally associated with both tissue specificity and subcellular colocalization. To search for the key PATs corresponding to PRDX6 in the nervous system, we analyzed the subcellular localization and tissue specificity of 23 human ZDHHCs. Immunofluorescence results demonstrated that PRDX6 was mainly localized in the cytoplasm and cell membrane, so we focused on the ZDHHCs localized in the cell membrane or cytoplasm and detected in the nervous system at the translation level (Table 1). To further mine ZDHHCs correlated with PRDX6, we performed the Pearson’s correlation analysis for PRDX6 and ZDHHCs by the proteomic data of human normal and cancer tissues (Supplementary Table 7). However, no distinguished PRDX6-ZDHHC connection emerged. Therefore, our analysis could not confirm the specific ZDHHC that catalyzes PRDX6 in D-DRG, and could only initially screen ZDHHC2, ZDHHC5, ZDHHC8, ZDHHC9, ZDHHC15, ZDHHC20, ZDHHC21 and ZDHHC24 as candidates for catalyzing the palmitoylation of PRDX6.


Table 1 | The subcellular location and nervous system expression of ZDHHCs. (The HPA database).





Conclusion

The current work identifies a post-translation regulatory mechanism for DN, PRDX6 breaks the disulfide bond (Cys47-Cys91) and translocates to the cellular membrane, which depends upon the S-palmitoylation of PRDX6 at Cys47. This mechanism causes stable PRDX6-AE3 interactions, and is responsible for the enhanced the Cl–/HCO3– currents through AE3. This advanced our knowledge of the association between S-palmitoylation and DN. As such, these outcomes may offer novel insights for alleviating pain in DN.
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Background

RNA methylation has emerged as an active research field in diabetes mellitus (DM) and its complications, while few bibliometric analyses have been performed. We aimed to visualize the hotspots and trends using bibliometric analysis to provide a comprehensive and objective overview of the current search state in this field.



Methods

The articles and reviews regarding RNA methylation in DM and its complications were from the Web of Science Core Collection. A retrospective bibliometric analysis and science mapping was performed using the CiteSpace software to plot the knowledge maps and predict the hotspots and trends.



Results

Three hundred seventy-five qualified records were retrieved. The annual publications gradually increased over the past 20 years. These publications mainly came from 66 countries led by Canada and 423 institutions. Leiter and Sievenpiper were the most productive authors, and Jenkins ranked first in the cited authors. Diabetes Care was the most co-cited journal. The most common keywords were “Type 2 diabetes”, “cardiovascular disease”, “diabetes mellitus”, and “n 6 methyladenosine”. The extracted keywords mainly clustered in “beta-cell function”, “type 2 diabetes”, “diabetic nephropathy”, “aging”, and “n6-methyladenosine”. N6-methyladenosine (m6A) in DM and its complications were the developing areas of study.



Conclusion

Studies on RNA methylation, especially m6A modification, are the current hotspots and the future trends in type 2 diabetes (T2D) and diabetic nephropathy (DN), as well as a frontier field for other complications of DM. Strengthening future cooperation and exchange between countries and institutions is strongly advisable to promote research developments in this field.





Keywords: bibliometric analysis, diabetes mellitus, diabetes complications, N6-methyladenosine (m 6 A), RNA methylation



1 Introduction

DM is a common complicated chronic glycolipid metabolic disorder syndrome characterized by insulin resistance (IR) and insulin deficit (1). DM causes damage to major organs, including kidneys, heart, eyes, nerves, and blood vessels, eventually leading to diabetes complications that seriously threaten the health of individuals (1). According to the 10th edition of the International Diabetes Federation (IDF) Diabetes Atlas, DM has been one of the fast-growing health emergencies of the 21st century and has ranked among the top causes of premature death (2). However, the pathogenesis of DM remains unclear, and it is urgently essential to keep up with the current hotspots to explore the pathogenesis of DM and its complications.

RNA methylation may post-transcriptionally regulate RNA stability, localization, transport, splicing, and translation (3). More than 170 RNA modifications have been identified (4), of which m6A is the most abundant epigenetic modification in eukaryotic RNA. The abundance and effects of m6A on RNA are dynamically regulated by the interplay of methyltransferase, demethylases, and binding proteins. The methyltransferases that perform the modification reaction consist of Methyltransferase Like 3 (METTL3), METTL14, Wilms Tumor 1 Associated Protein (WTAP), etc. Reverse-modified demethylases known as “erasers” include fat mass and obesity-associated protein (FTO), α-ketoglutarate-dependent dioxygenase alkB homolog 5 (ALKBH5), etc. RNA-binding proteins are known as “readers” mainly composed of YTH domain-containing family 1/2/3 (YTHDF1/2/3), and YTH domain-containing protein 1/2 (YTHDC1/2) (5). M6A-mediated post-transcriptional modification is essential in many biological processes such as cell differentiation, stresses, circadian rhythm, cycle regulation, and metabolism (6). Emerging evidence revealed that m6A was involved in many human diseases and provided a potential novel pathogenesis study for the prevention or treatment of various diseases (7), such as cancer, cardiovascular disease (CVD), progeroid syndromes, autoimmune diseases, and metabolic diseases (8–12).

The complicated pathogenesis, as well as the lasting multi-organ damage of DM, made RNA methylation an increasingly interesting topic with a measurable increase in publications. Several studies identified the abnormal m6A levels and key methylesterase of m6A. For example, several studies monitored the decreased m6A in T2D and β-cells (13, 14). Correspondingly, changes in the levels of methylesterase were also monitored, such as METTL3, METTL14, WTAP, FTO, ALKBH5, and YTHDF1 in T2D and its complications (13–15). The abnormal change in m6A and key methylesterase affected cell proliferation, differentiation, apoptosis, and autophagy and led to abnormalities in cell structure and function that participated in the initiation and progression of DM and its complications (16). The current evidence from these studies reported that the upregulated or downregulated levels of m6A were connected with β-cells, renal tubular cells, IR, inflammatory, oxidative stress, lipid levels, obesity, and other unknown mechanisms, which aggravated hyperglycemia and its further damage to other organs (17). Therefore, a systematic review and summary of the topical and major findings of RNA methylation in DM and its complications based on the current literature is urgent and necessary at this stage.

Unlike general systematic reviews, bibliometrics is characterized by mathematical techniques to investigate publication and communication patterns in the distribution of information and to evaluate research trends qualitatively and quantitatively based on bibliographic databases and bibliometrics (18). It not only helps researchers to grasp the hotspots and trends of specific research fields but also helps to quantify the characteristics of the countries, journals, and authors of published articles (19). This analytical method has been widely used in various fields to develop guidelines, understand research hotspots, and evaluate research trends (20). Therefore, this review was conducted using bibliometrics analysis to identify essential evidence in RNA methylation for DM and its complications and to help scholars understand the intellectual backgrounds and the emerging research trends in this field.



2 Materials and methods


2.1 Data sources and search strategy

The Web of Science Core Collection is the largest comprehensive academic information resource covering multiple disciplines (21). To ensure the quality and accessibility of data, all data were downloaded from the Web of Science Core Collection online database with the queries shown in Supplementary Table 1, with no language or region restrictions. The document types were articles or reviews with dates ranging from 1 January 2002 to 28 May 2022.



2.2 Data collection and analysis

Two authors collected the documents from the Web of Science Core Collection according to the set retrieval mode, exported them to a plain text file with full records and cited references, and stored them in download_txt format. Any disagreements were resolved by consensus. All valid data were converted to Microsoft Excel 2019, CiteSpace (5.8. R 3), and GraphPad Prism 9.0, and the review flowchart is shown in Figure 1.




Figure 1 | Flowchart of the review.



CiteSpace is a Java application for visualizing and analyzing scientific literature trends and patterns (22). It not only helps conduct burst detection, intermediate centrality, and heterogeneous networks and identify and track critical paths and milestone studies during professional development but also helps detect emerging trends and transient patterns at the research forefront (21). Therefore, this review used the CiteSpace software to conduct a bibliometric analysis of the publications of RNA methylation in DM and its complications, including countries, institutions, authors and cited authors, journals, references and keywords, the bursts of references and keywords, an overlay of journals, and a timeline viewer of keyword clusters.

Microsoft Word 2019 was used to conduct the descriptive statistics on ranks, frequency, attributes, centrality, etc. GraphPad Prism 9.0 was used to analyze and plot the annual publication output. The web tool MapInSeconds (mapinseconds.com) of Eugene Chen, Darkhorse Analytics was used to draw the geographical distribution of article publications.




3 Results and analysis


3.1 The trend of publication outputs

A total of 384 documents were collected from the Web of Science Core Collection based on the predefined queries. CiteScape identified no duplications, and 373 qualified records were included in this review. As shown in Figure 2, the research trend was divided into three stages. The first stage with 110 literatures was from 2004 to 2011, when the outputs of literature gradually rose from 6 to 18. There was a slight fluctuation in the second phase, with 13 articles in 2012, 25 articles in 2014, and a drop to 16 articles in 2016. From 2017 was the third stage; annual outputs climbed gradually steadily without any decline, as of 28 May 2022, out of 184 articles. In 2022, only 5 months of publication were counted; it cannot represent the whole annual outputs, but the overall trend in outputs was increasing on RNA methylation in DM and its complications, which suggests that RNA methylation may be a promising direction in this field.




Figure 2 | Trends of the annual publications related to RNA methylation in DM and its complications.





3.2 Analysis of countries/regions distribution

Three hundred seventy-three records were published in 66 countries/regions in the five continents. The deeper color in Figure 3 indicates that the publications were higher in this country, while the gray indicates no articles published. Canada ranked first with the highest number of 245 articles in the field. The USA with 93 articles ranked second, and China with 85 articles ranked third. Both were far ahead of other countries. Annual outputs of the top 10 countries/regions are shown in Figure 4; Canada posted significantly more annual outputs than any other country until 2019, after which Canada and USA decreased, while China overtook other countries to rank first in annual productions.




Figure 3 | Geographical distribution of article publications related to RNA methylation in DM and its complications. The label represents the country and the outputs of the country; the depth of color matched with the number of publications.






Figure 4 | Trends of annual publications of the top 10 countries/regions related to RNA methylation in DM and its complications.



The collaboration of countries/regions is visualized in Figure 5. Each node with colorful annual rings represents a country, and the size of the node matches the outputs in this country; the color bandwidth corresponds to the outputs for this year, and the wider the ribbon, the higher the number of outputs posted. The results in Figure 5 matched the geographical distribution in Figure 3. The purple color around the nodes represents high centrality. Belgium, Argentina, and Australia were circled in purple, which indicates they have a strong bridge role in this field. The link density between two nodes matches the cooperation strength, and the link color represents the initial cooperation year. Although relatively few articles were issued, Belgium and Argentina had the most cooperative relations with other countries. Among the top countries, Australia had a higher centrality and more cooperation such as Canada, the USA, China, England, Germany, etc.




Figure 5 | Visualization map of countries/regions collaboration analysis related to RNA methylation in DM and its complications. Each node with colorful annual rings represents a country; the color bandwidth corresponds to the outputs of the year; the wider the ribbon, the higher the number of outputs posted and the corresponding node increases. The purple color around the nodes represents high centrality. Link between the two nodes represents the cooperation relationship, and the link color represents the initial cooperation year.





3.3 Analysis of institutions distribution

A total of 375 qualified articles were published by 423 institutions. As shown in Supplementary Table 2, Univ Toronto (205) and St Michaels Hosp (154) were marked leaders in the publications, followed by McMaster Univ and Univ Saskatchewan. Of the top 10 institutions, seven were in Canada and two were in the USA.

Institutional co-occurrence analysis reflects the collaboration relationship. The map with a network density of 0.0123 comprised 423 nodes and 1368 links. As shown in Figure 6, the Univ Toronto and St Michaels Hosp circled in purple were the two largest nodes, with the highest literature and the strongest centrality, which implied an essential role in this field. The thickness of the line between nodes indicates institution collaboration. Most institutions collaborated, for example, McMaster Univ, St Michaels Hosp, Heart and Stroke Fdn Ontario, Tech Univ Dresden, and so on.




Figure 6 | Visualization map of institution collaboration analysis related to RNA methylation in DM and its complications. Each node with colorful annual rings represents an institution. Institutions with partnerships make up the different color groups. The text with # represents the keyword clusters of the institutions.



To explore the research themes among institutions, log-likelihood tests (LLR) were used to cluster the keywords of the articles published by the institutions by CiteSpace, and the top 10 clusters with different colored areas are shown in Figure 6. “Cluster #0 dpp 4-inhibitors” is the largest cluster, followed by “cluster #1 postprandial glycemia”. The top two institutions are clustered in “#3 type 2 diabetes mellitus”, which was the focus of the two institutional studies.



3.4 Analysis of authors and cited authors

These publications involved 511 authors, with an average of 1.37 authors per article (Supplementary Table 3). The first eight authors were all from Canada. Leiter was the highest producer with 44 articles; the rest of the authors in this field had more than 10 articles. Jenkins had received 55 citations and was the first cited author, followed by Wolever, Wang, and Sievenpiper.

When author collaborations were analyzed, Figure 7 visualizes the top five author collaboration groups. Leiter, Sievenpiper, Kendall, and others worked together for years and formed the largest collaborative team, of which Leiter is circled in purple for greater centrality and Wolever with conspicuous red for higher burst. Gilbert, Advani, Kelly, and other authors made up the second collaboration team, of which Kelly is circled red for having publication burst growth in a short time.




Figure 7 | Visualization map of the top five author collaboration related to RNA methylation in DM and its complications. Each node with colorful annual rings represents an author. The size of the nodes matches the publications of the author. The nodes circled in purple represent greater centrality; the nodes circled in red represent higher burst. The separate areas made up of nodes and links represent the author collaborative relationships.





3.5 Analysis of cited journals

Co-citation analysis of the journal in the references reveals the authoritative and influential journal in this field. Among the 517 cited journals, eight were cited over 100 times (Table 1). Diabetes Care was cited most, while New England Journal of Medicine and Diabetes followed second. Of the top 10 cited journals, nine were distributed in the Q1 region, with only PLoS One belonging to Q2. Among the top 10 journals, the New England Journal of Medicine had the highest impact factor (IF) of 91.253, and Lancet ranked second with an IF of 79.323.


Table 1 | The top 10 co-cited journals related to RNA methylation in DM and its complications.



The dual-map overlay of journals reflects the relationship between the source journals on the left and the target journals on the right, as well as the subjects involved in the journals. As shown in Figure 8, the colorful links represent the relationship between the two journals; there were three main wide citation paths, namely two green paths and one green path. The green paths indicated that the journals that involved molecular, biology, genetics and health, nursing, and medicine were always cited by medicine, medical, and clinical journals. The orange paths indicated that the journals that involved molecular, biology, and genetics were cited by molecular, biology, and immunology.




Figure 8 | The dual-map overlay of journals on RNA methylation in DM and its complications. The left nodes represent the included literature; the right represent the references in the literature. The labels represent the discipline. The link represents the cited path.





3.6 Analysis of co-cited references and reference burst

When two or more references are cited by several articles, the two references are considered to be a co-citation relationship. Among the 695 cited references, the top eight most frequently co-cited references are shown in Table 2. The reference published by Yang (13) had the highest number of citations, which implied that the research related to this article may be a research hotspot, and five references were cited more than 10 times and were valuable literature in this field.


Table 2 | Top eight co-cited references related to RNA methylation in DM and its complications.



Reference burst detection helps select the bulged references in a short time from the numerous references and find the most influential cited articles, thus clearly discovering the research frontiers and trends. Figure 9 displays the reference citation burst detection. The reference written by Bhattacharyya (23) had the highest centrality and burst strength and was the bridge between the two related studies, representing the current research hotspot and a turning point. The references published by Committee CDACPGE (2008) and Wang (2014) had the longest burst duration, which suggested a longer active duration of the research. Judged from the last 3 years, the references published by Yang (13), Roundtree (3), and Huang (2018) had a stronger burst, which had become the latest research frontier so far and may continue in the future.




Figure 9 | Top 21 references with the strongest citation bursts related to RNA methylation in DM and its complications.





3.7 Analysis of hotspots and frontiers

Keywords represent the research hotspots. We counted the keywords in the literature by CiteSpace and merged the top similar keywords and obtained the top 20 high-frequency keywords in Table 3; “type 2 diabetes”, “cardiovascular disease”, “diabetes mellitus”, “n 6 methyladenosine”, and “expression” had higher frequency. It indicated that they were the popular topics on RNA methylation in DM and its complications.


Table 3 | The top 20 keywords related to RNA methylation in DM and its complications.



Keywords bursts were detected to review and predict the phased hotpots and their evolutionary trends of RNA methylation in DM and its complications. As shown in Figure 10, “coronary heart disease”, “risk factors”, and “mellitus” with stronger bursts of strength emerged earlier and were the topics of early attention. The keywords “mellitus” and “diabetes mellitus”, as synonymous terms, had the longest, 7 years of duration burst, followed by “coronary heart disease”. Since 2018, the keywords related to RNA methylation have begun to appear and have continued until now. “N 6 methyladenosine” with the strongest burst suggested that it was the hotspot and maybe a turning point with prospective research implications.




Figure 10 | Keyword bursts related to RNA methylation in DM and its complications.



Keywords clusters were carried out and presented in a timeline view to observe the basic knowledge structure and the evolution over time of RNA methylation in DM and its complications. A total of 30 clusters were obtained through CiteSpace. The 1–10 clusters were presented in Figure 11. The nodes are chronicled on the horizontal line, which evolved the historical outcomes of the cluster. The clusters’ names are listed in order on the right. Cluster “#1 beta-cell function” was the largest cluster and “#2 type 2 diabetes” was the second cluster; “#10 mettl3” was the last one. “#1 beta-cell function” appeared earliest and “#6 stimulated insulin secretion” appeared latest. Cluster “type 2 diabetes”, “n6-methyladenosine”, “hpv e6/e7”, and “mettl3” related studies were available in 2022, while “aging”, “stimulated insulin secretion”, and “insulin sensitivity” gradually decreased or even disappeared, suggesting a decreased trend in this field. The colored annual node on the horizontal line represents keywords; the position on the line indicates the time of the first literature, and the width of the annual color band matches the amount of literature in this year. It was observed that the nodes of “expression”, “diabetic nephropathy”, “insulin resistance”, “type 2 diabetes”, and “diabetes mellitus” were larger, which indicated that there were more published articles on related studies. “Risk”, “expression”, and “type 2 diabetes” circled in purple had a higher centrality and implied a significant link role in this field. The number of nodes in cluster “diabetic nephropathy”, “n6-methyladenosine”, and “mettl3” grew in recent years and may be the frontier on RNA methylation in DM and its complications in the future.




Figure 11 | CiteSpace visualization timeline view of keywords clustering analysis related to RNA methylation in DM and its complications. The different colored horizontal lines with the label on the right represent the clusters formed by the keywords, the nodes on the horizontal lines represent the keywords, and the position of the nodes on the horizontal lines represents the year in which the literature containing the keywords first appeared, thus forming the timeline of the keywords cluster evolution.






4 Discussion


4.1 General information

The output of publications at a particular stage reflects the trends in the research themes. The trends in annual publications showed an overall upward in the number of publications. The period from 2004 to 2011 was a nascent period with few articles published and a waved rise in publications. From 2012 to 2016, the research entered the exploration period. In the last 5 years, the research entered a critical period along with the rapid growth of the literature. It was evident that the research related to RNA methylation in DM and its complication was a hot topic in recent years and had a positive future trend.

Visualization results are based on countries, institutions, and authors in the literature. Canada was the leading country with the highest publications and almost all of the top 10 institutions and authors were from Canada in this field. China has also gradually invested in this field with increasing publications in the last 3 years. However, Canada and China do not have a higher centrality, which implied that the academic cohesion was still insufficient and the bridge role was insignificant. As for the collaboration relationship, there was a collaborative network between countries, but the relationship was relatively loose, and most cooperative institutions and researchers were limited to internal connections, with less international cooperation. This situation may not be conducive to complementary strengths, thus preventing research development. Therefore, it is strongly advisable to import specialized talents or send our countries or institutional personnel to advanced institutions or renowned scholars for targeted training, such as Univ Toronto and St Michaels Hosp. It is necessary to promote international academic exchanges and accelerate research progress in the same field.

To some extent, the frequency of the co-citation reflects the intrinsic scientific value and research backgrounds. The frequency of the co-citation reflects the influence of the author in this field and the centrality reflects the connection with the other authors. Jenkins was the most co-cited author and had higher centrality, indicating a high level of influence in this field and a stronger connection to other authors. Wolever had the higher burst, which indicated that his published reports received a high level of interest over time. The New England Journal of Medicine, Lancet, and Nature were highly specialized journals and influenced the academic directions and the foundations of the field. The dual-map overlay reflects the major studies on RNA methylation in DM and its complications involving various disciplines, including molecular, biology, genetics, etc. Concerning the co-cited references, the most cited article by Yang (13) had a valuable contribution revealing alterations of m6A and methyltransferase in T2D (13). The article by Roundtree in 2008 had the highest centrality, reflected the relationship between CVD and DM, and reviewed recommendations for risk factor management in CVD (23).



4.2 Hotspots and frontiers

Keywords articulate the subject of the documents and the timeline viewer reveals the formation process of the cluster. Combined with some similar keywords, the keywords and their clustering showed that DM, T2D, DN, and insulin appeared frequently and had four clusters associated with them. T2D, which accounts for 90% of DM (24), also had a long duration in the timeline map and was the key point of the study. In the complications of DM, DN had the highest frequency and was clustered in #3; DN, as one of the common microvascular complications of DM, is the leading cause of chronic kidney disease (CKD) and end-stage renal disease (ESRD) (25). In addition, “risk factor” and “cardiovascular disease” appeared in the top 20 keywords. Several studies suggested that either hyperglycemia or hypoglycemia was associated with an increased risk of cardiovascular events and mortality, and CVD was the main cause of mortality among DM patients (23, 26). Thus, DM was the main axis of research in terms of frequency or importance. m6A, expression, RNA, and the clusters “#5 n6-methyladenosine” and “#10 mettl 3” were all involved in the RNA methylation. M6A was the most studied RNA modification implicated in many fundamental RNA metabolisms such as translation, splicing, stability, and decay (3, 4, 27). METTL3 mediates m6A methylation of mRNA, which affects the stability of mRNA and its translation into protein (28). M6A contributed to the development of RNA epigenetics and became a frontier research area.

Burst detection reveals the hotspots, frontiers, and trends. Co-cited references reflect the backgrounds and the baselines. Combining those keywords and keywords clusters, we screened the references related to m6A in T2D and DN and summarized the current research hotspots and trends in the following aspects; a brief diagram of the current status of research on m6A and methylesterases in T2D and DN and risk factors for CVD is shown in Figure 12.




Figure 12 | Schematic illustration of current mechanism of m6A and methylesterase in T2D and DN, and CVD risk factors associated with m6A and methylesterase in T2D. The orange lines represent mechanisms associated with T2D, and the blue lines represent mechanisms associated with DN.




4.2.1 Change of m6A and methylesterase in T2D and DN

Currently, there are guidelines for diagnosing T2D and DN, but specific markers for its pathogenesis are still being explored. Emerging evidence confirmed the change of m6A in T2D and DN. The levels of m6A were reduced in the peripheral blood of T2D patients compared with healthy controls. The levels of m6A were negatively correlated with fasting blood glucose. The upregulated mRNA expression of FTO may be responsible for the reduction of m6A and was associated with the risk of T2D (14). Another study also reported the decreased level of m6A in white blood cells of patients with T2D compared with healthy individuals. The study demonstrated that the mRNA expression of the demethylase FTO was upregulated in white blood cells, and high glucose promoted FTO expression, which further induced m6A to decrease in T2D (13). Additionally, the levels of other m6A methylesterase were also varied in T2D. The mRNA levels of METTL3, METTL14, and WTAP were increased in the white blood cells of T2D patients compared with healthy individuals; the high-glucose stimulation promoted the abundance of FTO protein in both patients with T2D and HepG2 cells (13). In the islets, m6A and m6A methylesterases were also altered. FTO mRNA expression was lower in T2D islets than in non-diabetic islets (29). METTL3, METTL14, ALKBH5, and YTHDF1 were decreased in the β-cells of T2D patients than in non-diabetic individuals. METTL3 and METTL14 protein levels were also decreased in the whole islets from T2D patients (15). Therefore, alteration of m6A contents may be a specific biomarker for predicting the risk of T2D and its complications. However, these results should be repeated and validated in a larger population and different experiments. Furthermore, more studies are needed to identify the levels and corresponding causes of m6A and m6A methylesterase in T2D and to find their correlation with cellular function. This will help to facilitate the elucidation of the biological significance of m6A and methylesterase changes in T2D.

The m6A and m6A methylesterase levels were also detected in DN. Compared with db/m mice, in the renal tissue of streptozotocin-induced diabetic mice and db/db mice, m6A modification levels and METTL3 levels were significantly increased (30). In high-glucose-treated mouse mesangial cell lines, the m6A level was reduced, and the serum level of METTL3 was reduced in patients with DN compared with healthy individuals (31). In HK2, the decreased mRNA expressions of FTO, METTL3, and METTL14 were reported (32). The M6A level and expression of WTAP were increased in renal tubules but not the glomerulus from patients with DN and HK2 (33). M6A, METTL3, METTL14, and WTAP were significantly upregulated in the renal cortex of Adriamycin-treated mice than the corresponding controls, and METTL14 was also upregulated in the biopsy samples of patients with DN in comparison to healthy controls (34). In the high-glucose human renal glomerular endothelial cells (HRGECs), METTL14 was significantly increased compared with the normal-glucose HRGECs, and METTL14 was significantly increased in the kidney tissues of DN patients both at the mRNA and protein levels compared with the normal adjacent tissues of renal carcinoma patients (35). FTO expression was significantly reduced in the serum samples of DN patients compared with healthy volunteers (36). Together, these data revealed that the levels of m6A and m6A methylesterase varied in DN. However, due to the small number of current studies, more evidence is needed to identify the m6A and its regulators’ change in the kidney, which will facilitate the labeling of specific markers to predict the risk or the progress of DN and thus facilitating the research on pathological or targeted therapies of DN.



4.2.2 Function and mechanism of m6A and methylesterase in T2D

T2D was characterized by classic β-cell dysfunction and IR (1). The considerable current research focused on trying to determine the pathogenic reason for β-cell dysfunction and IR. Recently, scientists revealed the effect of m6A methylation on the dysfunction and lower mass of the β-cell, with several proposed mechanisms. The m6A modification mediated by the methyltransferases METTL3/14 derived functional maturation of neonatal mouse β-cells, and deletion of METTL3/14 resulted in the inability to establish an adequate amount of functional β-cells after birth (37). A study demonstrated that m6A controlled the insulin/IGF1-Akt-PDX1 pathway, and the ablation of m6A by targeting METTL3 or METTL14 levels decreased Akt phosphorylation and PDX1 protein levels, resulting in cell-cycle arrest and impaired insulin secretion (15). Another study reported similar results that METTL14 deficiency in β-cell increased cell death, altered cell differentiation, and decreased β-cell mass and insulin secretion (38). The β-cell-specific deletion of METTL3 also induced cell failure and hyperglycemia (39). The mechanism of METTL3/14 regulation of β-cell function was shown to be related to inflammation and oxidative stress (38, 39). Decreased β-cell function can affect insulin secretion and glucose homeostasis. The silencing of FTO expression inhibited insulin secretion by affecting metabolic signaling (29).

In addition, the role of m6A modification in IR was also explored in many studies. IR was usually defined as impaired glucose uptake by peripheral tissues and overproduction of hepatic glucose (40). A study found that hyperglycemia enhanced FTO expression in the white blood cells of T2D patients, which promoted the mRNA expression of forkhead box O1 (FOXO1), fatty acid synthetase (FASN), glucose-6-phosphatase catalytic subunit (G6PC), and diacylglycerol O-acyltransferase 2 (DGAT2); all four genes played a critical role in glucose and lipid metabolism via IR in T2D (13, 41–44). Another evidence supported that METTL3 and m6A were upregulated in the liver tissues of T2D compared with non-diabetes patients, and the silence of METTL3 expression reduced m6A methylation and FASN mRNA levels, inhibited fatty acid metabolism thus improving insulin sensitivity, and prevented abnormal lipids and cholesterol metabolism (45). A recent study observed similar results, which reported that the overexpression of METTL3 aggravated high-fat diet (HFD)-induced liver metabolic disorders and IR, the knockout of METTL3 alleviated IR by slowing weight, reducing lipid accumulation (46). METTL3 or METTL14 enhanced the m6A methylation of NOD-like receptor protein 3 (NLRP3), which led to the As2O3-induced hepatic IR (47).

These data not only reflected the vital role of m6A and methylesterase in the β cell but also suggested that they were simultaneously involved in IR, which ultimately caused abnormalities in glucose. However, the mechanism is complex and multi-targeted, and more research is still needed to discover its downstream target genes that cause alternation in the corresponding pathways and targets. This will help enrich the understanding of the pathogenesis of DM and provide a theoretical basis for m6A-targeted therapy for DM.



4.2.3 Function and mechanism of m6A and methylesterase in DN

The development of DN is accompanied by many alternations in the structure of multiple renal compartments, and metabolic changes associated with DM lead to glomerular hypertrophy, glomerulosclerosis, tubulointerstitial inflammation, and fibrosis in the kidney (25). Several studies confirmed that m6A and methylesterase were involved in histopathological changes characteristic of DN. For example, the overexpression of METTL14 in HRGECs markedly increased reactive oxygen species (ROS), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), apoptosis, and suppressed cell proliferation by suppressing the m6A modification of α-klotho, while α-klotho can prevent tubular and glomerular injury and delayed DN (35, 48). However, another study revealed that podocyte-specific METTL14 deletion upregulated Sirt1 expression, thereby alleviating apoptosis and inflammation, regulating autophagy, and delaying the development of proteinuria and glomerulosclerosis (34). Another study reported the overexpression of METTL14 reversed high-glucose-activated phosphatidylinositol-3-kinase/protein kinase B(P13K/Akt) pathway inactivation in HK2 by enhancing phosphatase and tensin homolog (PTEN), followed by the downregulation of histone deacetylase 5 (HDAC5), thus ameliorating DN manifestations such as fibrosis, inflammation, cell death, and albuminuria (32, 49). Overexpression of METTL3 enhanced the stability and expression of nuclear receptor-binding SET domain protein 2 (NSD2) in the high-glucose-induced mouse mesangial cell lines and that NSD2 overexpression attenuated pathological changes in the kidney, including glomerular dilatation, glomerulosclerosis, thylakoid proliferation, and interstitial fibrosis (31). METTL3 was highly expressed in the podocytes of db/db mice and streptozotocin-induced mice compared with db/m mice, and the upregulated expression of METTL3 in podocytes induced by high glucose accounted for the aberrant m6A modification. The METTL3-mediated m6A modification level of TIMP2 mRNA may promote podocyte injury, apoptosis in glomeruli, and kidney inflammation through upregulating the Notch3 and Notch 4 signaling pathways (30). The knockdown of WTAP inhibited pyroptosis and diminished the release of IL-18, IL-1β, caspase-1, and NLRP3 in high-glucose-induced HK-2 cells (33). In clinical applications of regulators targeting RNA modification enzymes, a cell experiment demonstrated the total flavones of Abelmoschus Manihot, the main components of the Huangkui capsule and ameliorated pyroptosis and injury in podocytes under high-glucose conditions by adjusting METTL3-dependent m6A modification and regulating NLRP3-inflammasome activation and PTEN/PK13/Akt signaling (50).

Methylatase-mediated m6A modifications were involved in various renal tissue structural and functional alternations in DN. However, the mechanisms were intricate and complex, covering multiple targets and multiple pathways in various cells. Therefore, future research is necessary to investigate which methylatases are involved in the pathogenesis of DN and determine the exact regulatory and functional mechanisms of these methylatases that participated in the development and progression of DN, and if possible, mechanistic studies on different periods of DN and continuous follow-up may provide a new target for the prevention or treatment of DN.

In this article, more RNA methylation studies focused on T2D and DN, with a small number of studies revealing the role of m6A methylation in other complications of DM. Diabetic retinopathy is the main cause of visual disability and blindness in DM (51). A recent study suggested that alteration of m6A was related to the pathogenesis of diabetic retinopathy such as inflammation, oxidative, and angiogenesis (52). The overexpression of METTL3 alleviated high-glucose-induced retinal pigment epithelium cell division, apoptosis, and pyroptosis, and reduced the levels of IL-1β and IL-18. The overexpression of METTL3 promoted cell proliferation by regulating miR-25-3p/PTEN/Akt signaling (53). However, in another study, the level of m6A RNA modification and METTL3 was increased in diabetic retinal vessels, and the increased METTL3 accelerated pericyte apoptosis and decreased pericyte viability (54). Based on the current research baseline and research background, RNA methylation may be a new hotspot and direction for research on other complications of DM and types of DM.



4.2.4 Risk factors for CVD in DM and its complications

There were few studies of RNA methylation in DM combined with CVD, but in this article, the keywords “cardiovascular disease”, “risk factors”, “mellitus”, and “m6A” appeared both in the burst detection of keywords and references. It is known that T2D is an independent risk factor for CVD; hyperglycemia, IR, dyslipidemia, inflammation, and oxidative stress were also associated with CVD in DM (17, 23). The mechanisms of the above risk factors were all associated with m6A methylation and methylesterase.

Emerging evidence indicated that m6A was closely related to the occurrence and progression of CVD (9, 17). However, whether m6A modification is involved with CVD in DM remained largely incomplete. Diabetic cardiomyopathy (DCM) is defined as impairments of cardiac structure and function caused by the dysregulated glucose and lipid metabolism associated with DM (55, 56). A study demonstrated that in the diabetic heart disease mice model, FTO was downregulated in the heart tissue, and the overexpression of FTO improved the cardiac function by reducing myocardial fibrosis and myocyte hypertrophy in db/db mice (57). METTL14 was significantly downregulated in the heart tissue and serum samples of DCM rats compared to those of normal rats (58). Pyroptosis is programmed cell death and the consequent release of pro-inflammatory mediators such as caspase-1. Several studies suggested that pyroptosis played an important role in the progression of DCM (59). Enhanced METTL14 inhibited pyroptosis levels in myocardial tissues, including the downregulation of NLRP3, caspase-1, and gasdermin D through downregulating the expression of TINCR lncRNA and NLRP3 (58, 60, 61). The altered cardiac metabolic pathways were also involved in the pathogenesis of DCM (55, 62). A recent study demonstrated that FTO regulates glycolysis in an m6A-dependent manner and also regulated glucose metabolism by modulating the Akt-GLUT4 axis in the heart failure mouse model, thus regulating the energy supply in the cardiac function and structure (63). Lipotoxicity was also evident in cardiac metabolism. A study demonstrated that FTO not only facilitated adipogenesis and lipid droplet formation but also disordered lipid utilization in skeletal muscles through the inhibition of PPARβ/δ and AMPK pathways; the upregulation of FTO also reduced insulin secretion by the inflammatory NF-κB pathway and led to the development of hyperglycemia and hyperlipidemia (64). Moreover, the other mechanisms of DCM referred to in the Discussion section such as impaired insulin sensitivity, inflammation, and oxidative stress were also closely connected with the progression of DCM (55, 56). However, there were few direct studies that showed a relationship between RNA methylation and other mechanisms of DCM. Therefore, we supposed that methylesterase-mediated m6A modifications may play a bridge role between the mechanism of DCM and DM. The m6A methylesterase may be a risk forecast indicator for CVD in DM, but further studies are warranted to systematically assess the role of m6A modification and the change of m6A methylesterase in DM combined with CVD.

Apart from the most studied and most abundant m6A RNA modification, some other types of RNA methylation have been identified, such as N1-methyladenosine (m1A), 5-methylcytosine (m5C), N3-methylcytosine (m3C), N7-methylguanosine (m7G), 2′-O-methylation, etc., and many studies also revealed their function and mechanism for various diseases (65–70). However, relatively little literature was collected in this paper, although other forms of RNA methylation were retrieved in the Web of Science Core Collection. This may be caused by the fact that other RNA methylation may not have been studied or published yet in DM and its complications, which indicates that we are still at the threshold of this new frontier research that may provide a new research direction in DM and its complications.





5 Strengths and limitations

This study is the first bibliometric analysis to systematically analyze publications related to RNA methylation in diabetes mellitus and its complications in the past 20 years. Unlike traditional systematic reviews, the bibliometric analysis objectively and comprehensively quantifies and evolutionize research hotspots and trends in a field by mathematical techniques. In this review, not only the evidence of hotspots and trends in RNA methylation of DM and its complications were objectively visualized but also the research on the current achievements and prospects was systematically summarized. Moreover, according to the results of the hotspots and frontiers, we provided a detailed review of the change and the mechanisms of m6A and methylesterase in T2D and DN. We also summarized the mechanism of m6A and methylesterase in DCM. It is hoped that the comprehensive picture of RNA methylation especially m6A modification in this review will serve as a baseline and guide for the future development of DM and its complications. Meanwhile, it is hoped that the summary of the current research helps researchers quickly identify the strengths and weaknesses and thus enrich and improve the development of the field.

Inevitably, there were some limitations in this study. Firstly, the restricted database and time make retrieved literature incomplete. Only representative Web of Science Core Collection databases were searched and were limited to the period of 1 January 2002 to 28 May 2022; some updated published literature was not included. Secondly, the diversity of subject terms or the incompleteness of the literature reduced the credibility of atlas mapping. Finally, incomplete extraction of a few isolated keywords by software, articles containing incomplete items excluded by software, or a deficiency in the research itself may also affect the accuracy of the results.

To minimize limitations, we additionally manually retrieved fewer keywords and the updated article and summarized them with the results of the bibliometric analysis to provide scholars with the most recent comprehensive reviews, to quickly get the research backgrounds and keep up with the hotspots and trends in RNA methylation of DM and its complications.



6 Conclusion and perspectives

This reversible RNA methylation added a new dimension to the development of post-transcriptional regulation of gene expression. Convincing evidence suggested that m6A modification provided novel substantial perspectives on the physiopathology of DM and its complications. In this field, Canada, the USA, and China published the most articles; Univ Toronto and St Michaels Hosp were the leaders in the publication; and professors such as Leiter and Sievenpiper have made outstanding contributions in this field. The literature related to RNA methylation has received the attention of high-level journals and has been widely cited. Especially, m6A writers, readers, and erasers were the hotspots and trends in T2D and DN, as recent advances highlighted their contribution to the numerous physiological processes of cells and diverse pathological mechanisms of DM and its complications. However, looking toward the future, there are still many significant knowledge gaps to be completed. Firstly, strengthening national and institutional interactions and collaboration is necessary to produce more achievements for the positive upward and rapid expansion of this field. Secondly, the m6A modification had a difference in organisms under different conditions, reflecting its complex multi-pathway and multi-target mechanism, and DM also causes multi-organ and tissue damage. Much consolidation evidence is still needed to explore its intricate network mechanisms. Also, other RNA modifications, including m1A and m5C, should be further explored. Thirdly, much of the current research has been confined to molecular mechanisms; more attention is urgent, albeit difficult and protracted, and needs to be paid to the clinical applications targeting m6A, such as proposing non-invasive clinical specific biomarkers of the mechanisms or progression of DM, especially predictive markers of risk for its complications DN and CVD. Meanwhile, research on small-molecule modulators targeting m6A for DM and its complications is necessary to fill the gaps in current clinical applications.
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Dapagliflozin, an inhibitor of sodium-glucose cotransporter 2 (SGLT2), is a new type of oral hypoglycemic drugs which can promote glucose excretion in the kidney. Studies have shown that dapagliflozin has renoprotective effect in the treatment of type 2 diabetes. However, the underlying mechanism remains unclear. Here, we combined integrated RNA sequencing and network pharmacology approach to investigate the molecular mechanism of dapagliflozin for diabetic nephropathy (DN). Dapagliflozin significantly relieved glucose intolerance, urinary albumin/creatinine ratio (UACR) and renal pathological injuries of db/db mice. The LncRNA and mRNA expression in kidney tissues from control group (CR), db/db group (DN) and dapagliflozin group (DG) were assessed by RNA sequencing. We identified 7 LncRNAs and 64 mRNAs common differentially expressed in CR vs DN and DN vs DG, which were used to construct co-expression network to reveal significantly correlated expression patterns in DN. In addition, network pharmacology was used to predict the therapeutic targets of dapagliflozin and we constructed component-target-pathway network according to the results of RNA sequencing and network pharmacology. We found that SMAD9, PPARG, CD36, CYP4A12A, CYP4A12B, CASP3, H2-DMB2, MAPK1, MAPK3, C3 and IL-10 might be the pivotal targets of dapagliflozin for treating DN and these genes were mainly enriched in pathways including TGF-β signaling pathway, PPAR signaling pathway, Chemokine signaling pathway, etc. Our results have important implication and provide novel insights into the protective mechanism of dapagliflozin for treating DN.
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Introduction

Diabetes has become a significant public health issue in recent years and is estimated to affect nearly 700 million people worldwide by 2045 (1). Diabetic nephropathy (DN), a major complication of diabetes, can lead to end-stage kidney disease (ESKD) and mainly manifest as hypertrophy, mesangial expansion and thickened basement membrane (2). Persistent hyperglycemia causes renal inflammation, apoptosis and oxidative stress, which may be closely related with DN progression (3). Recently, sodium-glucose transport protein 2 (SGLT2) inhibitors have been developed for the treatment of hyperglycemia (4, 5). Dapagliflozin, a selective inhibitor of SGLT2, can lower blood glucose via blocking glucose reabsorption in the renal proximal tubule and stimulating urinary glucose excretion without increasing insulin release (6). Several large clinical trials have been performed to investigate the effect of SGLT2 inhibitors on renal outcomes. In the clinical trial, dapagliflozin significantly reduced renal events (7). Therefore, dapagliflozin can act as a new pharmacologic option for overcoming DN progression in patients with diabetes. Interestingly, dapagliflozin also exerts renoprotective effect and prevents the progression to ESKD regardless of the presence or absence of diabetes (8), indicating that dapagliflozin protect the kidney via pleiotropic effects beyond glycemic control. Previous studies have showed that SGLT2 inhibitors can induce tubulo-glomerular feedback, reduce glomerular hyperfiltration and simulate antioxidant and anti-inflammatory signaling pathway (9, 10). However, little is known about the underlying molecular mechanism of dapagliflozin in the treatment of DN.

RNA sequencing (RNA-SEQ) is one of the most advanced techniques to explore the mechanism of various diseases (11, 12). Based on the advantages of high sensitivity and resolution, whole transcriptome sequencing can reveal crucial roles of coding and non-coding RNAs and provide new insights into gene expression changes. Long non-coding RNA (LncRNA) are regulatory RNAs over 200 nucleotides (nt) which does not encode proteins. LncRNA is localized in the nucleus or cytoplasm, and some LncRNA structures are similar to mRNA with polyA tail. Some LncRNAs have conserved secondary structures that can interact with proteins, DNA and RNA and regulate multiple biological processes (13). With the development of RNA-SEQ technology, increasing numbers of LncRNAs have been identified. Studies showed that LncRNA MALAT1 promotes renal fibrosis and injury in DN in vivo and vitro (14, 15). Li et al. reported that LncRNATug1/PGC1a has renoprotective effect via regulating mitochondrial remodeling and urea cycle metabolites in diabetic mice (16). LncRNA Erbb4-IR was reported to promote renal fibrosis via inhibiting miR-29b in DN (17). Although emerging studies showed LncRNAs involved in DN pathogenesis, the functional roles of LncRNAs are largely unknown. Particularly, the regulatory mechanism of LncRNAs and the whole transcriptome in DN treated by dapagliflozin has not been studied.

Network pharmacology has attracted more and more attention. It constructs the connections between components, diseases and signaling pathways and offers a practical approach to elucidate the pharmacological mechanisms of agents (18). It is a powerful tool for establishing a “component-gene-disease” network. Therefore, combining RNA sequencing technologies and network pharmacology is a good strategy to study the mechanisms of dapagliflozin for DN.

Thus, we conducted a comprehensive study to investigated the mechanism of renoprotective effect of dapagliflozin on diabetic mice. First, RNA sequencing was carried out to identify differentially expressed LncRNAs and mRNAs in db/m mice, db/db mice and db/db mice treated with dapagliflozin. Then, co-expression network of differentially expressed LncRNAs/mRNAs was established. Finally, combining with network pharmacology and bioinformatics analysis, component- target-pathway network was constructed to identify the key genes targeted by dapagliflozin.



Materials and methods


Animal model and treatments

C57BL/KsJ leptin receptor-deficient (db/db) and db/m male mice were provided by the Model Animal Research Institute of Nanjing University. The animals were 4-6 weeks old. Six db/m mice comprised control group (CR). Twelve db/db mice were randomly divided into two groups: the db/db group (DN, n=6) and db/db+ Dapagliflozin group (DG, n=6). Mice in DG group were fed 50mg/Kg dapagliflozin-supplemented diet, while mice in CR and DN group were fed control diet. Dapagliflozin was from AstraZeneca Pharmaceuticals LP. After twelve-week dietary intervention, the mice were anaesthetized with sodium pentobarbital (60 mg/kg iP). Body weight was recorded once a week and oral glucose tolerance test was conducted once four weeks. Blood was collected from orbital venous and kidney tissues were collected for further study. Blood glucose was measured by blood glucose metre (Roche Diabetes Care GmbH, UK). The experiment was approved by the Animal Experiment Ethics Committee of Jinan University.



Serum and urine biochemistry assays

Serum creatinine levels and blood urea nitrogen (BUN) were assessed using the Quanti Chrom Creatinine Assay Kit (BioAssay Systems, USA). Urinary albumin was measured using the mouse urinary albumin ELISA kit (Bethyl Laboratories, USA). Urinary albumin/creatinine ratio (UACR) was calculated as urinary albumin/creatinine ratio.



Oral glucose tolerance test

The test was measured at fourth week, eighth week and twelfth week. First, the mice were fasted for 6 hours and received glucose solution with 2.0 g/kg by gavage. Finally, the blood glucose level was tested at 0, 30, 60, 90, and 120 minutes.



Histopathology

The kidneys were harvested and fixed in 4% paraformaldehyde for 1-2h. Then, the samples were dehydrated, immersed in xylene and embedded in paraffin. The samples were cut into 5 μm thick sections and used for hematoxylin-eosin (HE), Periodic acid-Schiff (PAS) and Masson staining. All sections were observed by a microscope (Olympus, Tokyo, Japan) and assessed by Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD).



Total RNA extraction, library construction and sequencing

Total RNA was extracted from renal tissues in three groups (n = 3 for each) by TRIzol (Invitrogen) reagent. RNA purity and RNA integrity were assessed by Agilent 2200 TapeStation (Agilent Technologies, USA). Ribosomal RNA was eliminated using Ribo-Zero™ kit (Epicentre, Madison, WI, USA) and fragmented to approximately 200bp. Subsequently, the purified RNAs were used to synthesis first strand and second strand cDNA according to instructions of NEBNext® Ultra™ RNA Library Prep Kit for Illumina (NEB, USA). The purified library products were assessed by Agilent 2200 TapeStation and Qubit®2.0(Life Technologies, USA). The libraries were paired-end sequenced at Guangzhou RiboBio Co., Ltd. (Guangzhou, China) using IlluminaHiSeq 3000 platform.



Identification of new LncRNA

After removing low-quality reads, the clean data was assembled using the StringTie based on the reads mapped to the reference genome. Gffcompare program was used to annotate the transcripts. Putative protein-coding RNAs were filtered out using a minimum length and exon number threshold. Transcripts with lengths between 200 nt and 300 nt could be selected as LncRNA candidates, which were submitted to further screening by CPC/CNCI/Pfam to distinguish the protein-coding genes from the noncoding genes.



Differentially expressed mRNA and LncRNA Genes (DEGs and DELncRNAs)

Paired-end reads were aligned to the mouse reference genome mm10 with HISAT2. HTSeq v0. 6.0 was used to count the reads numbers mapped to each gene. RPKM was used to evaluate the sample expression level (expected number of Reads PerKilobase of transcript sequence per Million base pairs sequenced). An adjusted P-value threshold of <0.05 and |log2(fold change)| > 1 was utilized to identify differentially expressed genes.



Co-expression network of differentially expressed LncRNAs/mRNAs

To investigate the relationships between LncRNAs and mRNAs, we constructed a LncRNA/mRNA transcripts co-expression network. A given threshold (absolute Pearson correlation coefficients no less than 0.7 and p-values less than 0.05) was used to filter the results. The co-expression network was illustrated by Cytoscape software.



GO terms and KEGG pathway enrichment analysis

Differentially expressed mRNAs were utilized for Gene ontology (GO) functional enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses by the KOBAS3.0 software. A P-value < 0.05 was determined to be significant in the enrichment analysis of the gene sets.



Network pharmacological analysis of therapeutic pathways and targets of dapagliflozin in the treatment of DN

Firstly, the bioactive component and potential pharmacological targets of dapagliflozin were obtained by CHEMBL, STITCH, Drugbank, Pubchem and PubMed. Secondly, we got the pathogenic targets of DN through searching for the keyword “diabetic nephropathy” in GeneCards, Online Mendelian Inheritance in Man and PharmGkb databases. Thirdly, we intersected the above two sets to obtain potential targets of dapagliflozin in DN by the Venny2.1 online tool. Fourthly, a protein-protein interaction (PPI) network was constructed by STRING online database based on the obtained target genes. The top 20 target genes were selected to perform KEGG and GO enrichment analysis.



Construction of component- target-pathway network

A component- target- pathway network was constructed to obtain the key targets and pathway of dapagliflozin in DN by Cytoscape3.8.2 based on the data of KEGG enrichment analysis of RNA sequencing and network pharmacology.



Quantitative real-time PCR

Total RNA was extracted from the kidneys using TRIzol kit (Invitrogen, Carlsbad, CA). An Invitrogen (Carlsbad, CA) kit was used to perform reverse transcription. Real-time quantitative RT-PCR was conducted by the Bio–Rad 96FX circulation system (Bio-Rad, USA) with SYBR Green Master Mix. The relative expression levels of genes were calculated by the 2-ΔΔCq method. The primers for genes for qRT-PCR were listed in Table S1.



Western blotting

Proteins were extracted from renal tissues using RIPA method. A BCA protein detection kit was used to measure protein concentrations. After subjecting to SDS-PAGE, proteins were transferred to nitrocellulose membranes. Then, membranes were incubated with primary antibodies overnight as follows: anti-IL-10 (1:1000,ab189392), anti-PPAR gamma (1:1000, ab272718), anti-CD36 (1:1000, ab252923), anti-Caspase-3 (1:2000, ab184787), anti-MAPK1 (1:2000, ab32081), anti-MAPK3 (1:1000, ab32537), anti-C3 (1:3000, ab97462), anti-SMAD9 (1:1000, ab80255), anti-GAPDH (1:500, ab8245). Membranes were incubated with the HRP-conjugated secondary antibodies. Gel-pro analyser software was used to analysis the images.



Statistical analysis

GraphPad Prism 7 software was used for statistical analysis. The data were expressed as the mean ± SE. Comparisons of multiple groups were performed by one-way ANOVA. Student’s t-test was used to determine significant differences between two independent groups. P<0.05 was considered statistically significant.




Results


Dapagliflozin ameliorated renal injury in DN mouse model

Body weight, 24-hour urinary protein, UACR, BUN, serum creatinine, fasting blood glucose (FBG) and glucose tolerance were used to assess the effect of dapagliflozin in DN mouse model. Mice in DN group and dapagliflozin group had markedly increased body weight compared with that in CR group (Figure 1A). Db/db mice had significantly high FBG, 24-hour urinary albumin, BUN, serum creatinine, UACR and obvious glucose intolerance. The dapagliflozin group showed markedly reduced FBG, serum creatinine, UACR and improved glucose intolerance comparing to db/db mice models (Figures 1B–G). Dapagliflozin tended to decrease 24-hour urinary albumin, but this effect failed to reach statistical significance.




Figure 1 | Dapagliflozin improved kidney injury in db/db mice. (A) The body weights recorded every week (n=6). (B) Quantitative analysis of fasting blood glucose (FBG) (n=6). (C) Quantitative analysis of 24-hour urinary albuamin (n=4-5). (D) Quantitative analysis of serum creatinine (SCR) (n=5). (E) Quantitative analysis of blood urea nitrogen (BUN) (n=5). (F) Quantitative analysis of urinary albumin/creatinine ratio (UACR) (n=4). (G) The levels of OGTT and AUC at week4, week8 and week12 (n=6). (H-I) The pathologic changes in kidneys via HE, PAS and Masson staining. Data are presented as the mean ± SE. *P < 0.05; **P < 0.001. AUC, Area under the curve; CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group; OGTT, Oral glucose tolerance test. ns, no significant.



As to pathological changes, HE staining showed that db/db mice had glomerular enlargement and glomerular capillary loops dilatation. PAS and Masson staining revealed that db/db mice had mesangial matrix, mesangial expansion, thickened basement membrane and increased renal fibrosis. Treatment with dapagliflozin alleviated these pathological injuries (Figures 1H). Quantitative analysis also showed statistically significant differences in pathology (Figures 1I). Taken together, dapagliflozin can improve glucose intolerance, UACR and kidney injuries.



Identification of differentially expressed LncRNAs in DN

The bioinformatics analysis was divided into two independent comparisons:CR vs DN and DN vs DG. Volcano plots and heat map provided an overview of LncRNAs differential expressed in the two comparisons (Figures 2A–D). Venn diagrams revealed that there were 172 differentially expressed LncRNAs in CR vs DN, of which 100 were up-regulated and 72 were down-regulated (Figures 2E–G). There were 40 differentially expressed LncRNAs in DN vs DG, among which 29 were up-regulated and 11 were down-regulated (Figures 2E–G). As shown in Table 1, 7 common differentially expressed LncRNAs (NR_015554.2, XR_382492.3, XR_382493.3, XR_382494.3, XR_388840.1, XR_873495.2 and XR_876705.2) were found in the two comparisons, and dapagliflozin could reverse the expression changes of 7 LncRNAs. The top 10 upregulated and downregulated LncRNAs in CR vs DN and DN vs DG respectively was listed in Tables S2 and S3.




Figure 2 | Differentially expressed LncRNAs in DN (n=3). (A, B) Volcano plots (A) and heatmaps (B) for comparison between CR and DN. (C, D) Volcano plots(C) and heatmaps (D) for comparison between DN and DG. (E) Overlap of the differentially expressed LncRNAs in the comparisons between CR vs DN and DN vs DG. (F) Upregulated differentially expressed LncRNAs in the comparisons between CR vs DN and DN vs DG. (G) Downregulated differentially expressed LncRNAs in the comparisons between CR vs DN and DN vs DG. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.




Table 1 | The differentially expressed LncRNAs in the three groups.





Identification of differentially expressed mRNAs in DN

We analyzed the differentially expressed mRNAs between groups. Volcano plots and heat map offered an overview of mRNAs differential expressed in CR vs DN and DN vs DG (Figures 3A–D). Compared with CR group, 1459 mRNAs were markedly expressed in the DN group (797 upregulated and 662 downregulated). Compared with DN group, 228 mRNAs were significantly expressed in the DG group (152 upregulated and 76 downregulated) (Figures 3E–G). As shown in Venn diagrams, 64 common differentially expressed mRNAs were found in CR vs DN and DN vs DG. The top 10 upregulated and downregulated mRNAs in CR vs DN and DN vs DG respectively was listed in Tables S4 and S5.




Figure 3 | Differentially expressed mRNAs in DN (n=3). (A, B) Volcano plots (A) and heatmaps (B) for comparison between CR and DN. (C, D) Volcano plots (C) and heatmaps (D) for comparison between DN and DG. (E) Overlap of the differentially expressed mRNAs in the comparisons between CR vs DN and DN vs DG. (F) Upregulated differentially expressed mRNAs in the comparisons between CR vs DN and DN vs DG. (G) Downregulated differentially expressed mRNAs in the comparisons between CR vs DN and DN vs DG. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.





The co-expression network of LncRNA-mRNA

We constructed heatmaps to show the expression patterns of LncRNAs and mRNAs in CR, DN and DG groups (Figures 4A, B). Thus, we build a co-expression network using the common differentially expressed LncRNAs and mRNAs in the three groups. We found that 7 differentially expressed LncRNAs were co-expressed with the 63 differentially expressed mRNAs and may have targeted these genes (Figure 4C).




Figure 4 | Co-expression network of LncRNA-mRNA. (A, B) Heatmap showing clustering analysis of differentially expressed LncRNAs (A) and mRNAs (B) in CR, DN and DG. (C) LncRNA-mRNA co-expression network in 7 LncRNAs and 63 mRNAs. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.





Functional enrichment analysis of the differentially expressed mRNAs and LncRNAs

Potential target genes of 7 common differentially expressed LncRNAs (DELncRNAS) in the two comparisons were predicted bioinformatically. GO analysis revealed that these genes were enriched mainly in pathways such as glycerophospholipid metabolic process, telomere maintenance, exonuclease activity, etc (Figure 5A). Then, we annotated these DELncRNA-target mRNA genes by KEGG pathway analysis. The results revealed that the genes were evidently enriched in non−homologous end−joining, glutamatergic synapse, sphingolipid signaling pathway (Figure 5B).




Figure 5 | Functional enrichment analysis of the differentially expressed mRNAs and LncRNAs. (A, B) The bubble plot showing GO analysis (A) and KEGG analysis (B) for differentially expressed LncRNAs in CR, DN and DG. (C, D) The Bubble plot showing GO analysis (C) and KEGG analysis (D) for differentially expressed mRNAs in CR, DN and DG, CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.



Meanwhile, we performed GO and KEGG analysis to annotate the 63 common differentially expressed mRNAs in the two comparisons. GO analysis revealed that these genes were enriched mainly in positive regulation of membrane invagination, regulation of phagocytosis, positive regulation of lipid storage (Figure 5C). KEGG pathway analysis showed that the genes were evidently enriched in PPAR signaling pathway, phagosome, fatty acid degradation, arachidonic acid metabolism, complement and coagulation cascades, etc (Figure 5D).



Identification of candidate targets of dapagliflozin in the treatment of DN by network pharmacology

Veen diagram showed that 255 genes candidate targets of dapagliflozin were searched out from the drug database (Figure 6A) and 3555 candidate genes of DN were collected from disease databases (Figure 6B). After intersection, a total of 110 overlapping genes were identified (Figure 6C). To estimate the role of the therapeutic target genes, the 110 overlapping genes were used to construct PPI network and were sorted in descending order by degree with the topology parameters of PPI network (Figure 6D). The top 20 core genes were submitted to perform GO and KEGG enrichment analysis, which revealed that these genes were enriched mainly in MAPK signaling, PPAR signaling pathway and PI3k-Akt signaling pathway, etc (Figures 6E, F).




Figure 6 | Identification of candidate targets of Dapagliflozin in the treatment of DN by network pharmacology. (A) The Veen diagram showing candidate targets of dapagliflozin from the drug database. (B) The Veen diagram showing candidate targets of DN from disease databases. (C) Overlap of the differentially expressed genes between candidate targets of dapagliflozin and DN. (D) PPI network of the 110 overlapping genes between candidate targets of dapagliflozin and DN. The top 20 core genes were highlighted in yellow. (E, F) GO (E) and KEGG (F) enrichment analysis of the top 20 core genes. DN, diabetic nephropathy.





Component- target-pathway network construction

To more accurately identify the mechanisms of dapagliflozin for DN, we performed KEGG enrichment analysis using the 63 mRNAs involved in LncRNA-mRNA co-expression network and the 20 core genes identified by network pharmacology. Pathways that the above two sets of genes are commonly involved in are considered to play important roles. The commonly involved pathways are including TGF-beta signaling pathway, Tuberculosis, Chagas disease (American trypanosomiasis), Leishmaniasis, Pertussis, Viral carcinogenesis, Herpes simplex infection, Staphylococcus aureus infection, Legionellosis, Chemokine signaling pathway, PPAR signaling pathway, Vascular smooth muscle contraction, Toxoplasmosis, Influenza A,Viral myocarditis and Signaling pathways regulating pluripotency of stem cells. Then, we used Cytoscape3.8.2 to construct component-target-pathway network based on the data of KEGG enrichment analysis of RNA Sequencing and Network Pharmacology (Figure 7). We found that CD36, SMAD9, H2-DMB2, CYP4A12a, CYP4A12b, Ccr1, C3, MAPK1, MAPK3, CASP3, PPARG, IL10 might be the key targets for dapagliflozin in treating DN and these genes were evidently enriched in pathways including PPAR signaling pathway, Chemokine signaling pathway, TGF-β signaling pathway, etc.




Figure 7 | Construction of component-target-pathway network. Light yellow represents dapagliflozin, light green represents potential targets and dark blue represents gene-related signaling pathways.





Validation of key LncRNAs and genes by qRT-PCR and western blotting

To verify the RNA sequencing and network pharmacology results, seven LncRNAs and twelve mRNAs were performed by qRT-PCR in the kidneys from the three groups. We found that XR_382492.4, XR_873495.3, XR-388840.1 and XR_382493.3 were markedly upregulated and NR-015554.2, XR_382494.3 and XR-876705.2 were significantly downregulated in DN group compared with CR group. Dapagliflozin can reverse the expression changes of XR_382492.4, XR_873495.3, XR-388840.1, NR-015554.2, XR-382493.3 and XR-876705.2 (Figure 8). Dapagliflozin tended to increase the expression of XR_382494.3, but this effect failed to reach statistical significance.




Figure 8 | (A–G) Validation of key LncRNAs by qRT-PCR (n=6). Data are presented as the mean ± SE. *P < 0.05; **P < 0.001. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.



Meanwhile, mRNA expression of SMAD9, CASP3, H2-DMB2, MAPK1, MAPK3 and C3 were upregulated and CYP4A12A, CYP4A12B, CD36, PPARG, and IL-10 were downregulated in DN group compared with CR group. Dapagliflozin can reverse the expression changes of all these genes (Figure 9). CCR1 was decreased in DN group compared with CR group and dapagliflozin tended to increase the expression of CCR1 but it failed to achieve the statistical level. As shown in Figure 10, protein expression of SMAD9, CASP3, MAPK1, MAPK3 and C3 were markedly increased and PPARG, CD36, and IL-10 were significantly decreased in DN group compared with CR group. Dapagliflozin can reverse the expression changes of all these proteins. The results indicated that SMAD9, CASP3, H2-DMB2, MAPK1, MAPK3, C3, CYP4A12A, CYP4A12B, CD36, PPARG, and IL-10 maybe potential targets of Dapagliflozin in DN.




Figure 9 | (A-L) Validation of key targets by qRT-PCR (n=6). Data are presented as the mean ± SE. *P < 0.05; **P < 0.001. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.






Figure 10 | Validation of key targets by western blotting (n=3). (A) The protein expression of key targets was detected by western blotting. (B–I) Densitometry analysis of western blotting. Data are presented as the mean ± SE. *P < 0.05; **P < 0.001. CR, control group; DN, diabetic nephropathy group; DG, dapagliflozin group.






Discussion

DN is the main cause of ESKD worldwide (19). Identifying novel molecular mechanisms and targets underlying DN progression will be beneficial for developing novel therapeutic approaches (20). Dapagliflozin has been shown to have protective effect in cardiomyopathy and kidney disease, especially against complications associated with diabetes (21, 22). Clinical evidence has confirmed that the renoprotective effect of dapagliflozin goes beyond glucosuric effect, which are not fully elucidated. In addition, dapagliflozin can not only improve glycemic control, but also reduce body weight and lower blood pressure. We proposed that dapagliflozin may protect against DN through other unknown effects. Previous studies suggested that dapagliflozin improved albuminuria and tubulointerstitial fibrosis in DN via suppressing SGK1 and reversing the T-cell imbalance (23). A new report indicated that dapagliflozin exerts protective effects on DN by reducing cellular senescence and inhibiting oxidative stress (24). However, these studies mainly focused on specific molecular signaling pathways, no studies explored the whole transcriptome changes of dapagliflozin in DN mice. Here, we used RNA sequencing and network pharmacology to systematically disclose the mechanisms of dapagliflozin in the treatment of DN.

Emerging studies have investigated the role of LncRNAs in DN (25–27). However, this is the first study exploring LncRNAs of dapagliflozin in treating DN. We identified 172 differentially expressed LncRNAs in CR vs DN and 40 differentially expressed LncRNAs in DN vs DG. 7 common differentially expressed LncRNAs (NR_015554.2, XR_382492.3, XR_382493.3, XR_382494.3, XR_388840.1, XR_873495.2 and XR_876705.2) were found in the two comparisons, and results of qRT-PCR revealed that dapagliflozin can reverse the expression changes of XR_382492.4, XR_873495.3, XR-388840.1, NR-015554.2, XR-382493.3 and XR-876705.2. Of these novel LncRNAs, only NR_015554.2 (LncRNA AI506816) has been reported, which was related with multiparity (28), whereas the current state of evidence for other LncRNAs has so far been unknown. Meanwhile, our data revealed that 63 mRNAs were common differentially expressed in CR vs DN and DN vs DG. Then, we constructed a lncRNA-mRNA co-expression network, which is a powerful tool to predict the function of LncRNA. The co-expression network identified 7 lncRNAs and 63 mRNAs involving in the core co-expression network. These genes were related to PPAR signaling pathway, phagosome, fatty acid degradation, arachidonic acid metabolism, complement and coagulation cascades. A recent study showed that dapagliflozin can enhanced fatty acid metabolism in DN mice (29). Dapagliflozin was demonstrated to ameliorate DN by promoting Crry and inhibiting complement over-activation in diabetic model (30). These reports supported our results.

Furthermore, in order to find the hub genes involved in the protective effect of dapagliflozin in the treatment of DN, we used network pharmacology for predicting the therapeutic targets of dapagliflozin and performed integrated analysis based on the data of RNA sequencing and network pharmacology. We found 110 differentially expressed overlapping genes between candidate targets of dapagliflozin and DN and the top 20 core genes were obtained by PPI network. We further construct component-target-pathway network and collected 11 hub genes including SMAD9, CYP4A12a, CYP4A12b, CD36, PPARG, CASP3, H2-DMB2, MAPK1, C3, MAPK3, IL10, which were mainly enriched in TGF-β signaling pathway, PPAR signaling pathway and chemokine signaling pathway. TGF-β family signaling plays a vital role in the regulation of cell growth, differentiation, and development, especially in fibrosis in many organ systems (31). SMADs are key intracellular transducers which transduces signals from TGF-β family members. SMAD9, also known as SMAD8, was reported to be involved in diabetic renal tubulointerstitial fibrosis (32). A recent study revealed that SMAD9 was highly expressed in the blood of diabetes patients and in streptozotocin-induced rat retinas, which indicated that SMAD9 was closely related with diabetic retinopathy (33). SMAD9 was also reported to be expressed in human kidneys (34). Similarly, our results revealed that SMAD9 was increased in DN mice and dapagliflozin can downregulate the expression of SMAD9, indicating that SMAD9 may be a potential target of dapagliflozin for DN. Peroxisome proliferators-activated receptors (PPARs), a group of nuclear proteins that including PPAR-alpha, PPAR-beta/delta and PPAR-gamma, have been implicated in the regulation of gene transcription and metabolic processes (35). Studies have demonstrated that members of the cytochrome P-450 4 (CYP4) family have the PPAR response element and can be regulated by PPAR-alpha (36). CYP4 proteins can convert arachidonic acid (AA) to 20-hydroxyeicosatetraenoic acids (20-HETE), which can either reduce albuminuria or cause injury by promoting podocyte apoptosis or tubular hypertrophy (37, 38). In the present study, CYP4A12a and CYP4A12b were found to be decreased in the DN mice and dapagliflozin can increase the expression of the two genes. We speculated that the downregulation of CYP4A12a and CYP4A12b cause reduced synthesis of 20-HETE, leading to impaired kidney function. A previous study indicated that the mRNA levels of CYP4A12a and CYP4A12b are decreased in renal cortex tissues from db/db mice, which is consistent with our results (39). PPAR-gamma (PPARG) plays a critical role in adipogenesis and insulin sensitivity and PPARG polymorphism contributes to the development of DN in diabetic patients (40). Thiazolidinedione (TZD), a high-affinity synthetic ligand for PPARG, has been demonstrated to improve insulin resistance, reduce proteinuria and ameliorate renal function in diabetic nephropathy (41). In addition, studies reported that Pparg null-mice present increased glucosuria, albuminuria, decreased creatinine clearance and mesangial expansion (42).Our data also showed that PPARG was significantly downregulated in the DN mice and dapagliflozin can upregulate the expression of PPARG. Scavenger receptor CD36, also known as fatty acid translocase (FAT), is a surface glycoprotein. It can function in many processes including fatty acid metabolism, apoptosis, angiogenesis, phagocytosis and inflammation and act as a transcriptional regulator of PPARG (43). It has been reported that CD36 can be a plausible prognostic marker for DN (44). Currently, the regulatory effect of CD36 on insulin resistance is still controversial. Studies suggested that overexpression of CD36 can promotes the development of metabolic syndrome and insulin resistance (45), while CD36-deficient patients presented impaired glucose metabolism, insulin resistance and hyperlipidemia (46). Loss of CD36 deficiency can lead to hepatic insulin resistance and impair hepatic insulin signaling in mice fed a low-fat diet (47). A recent study showed that CD36 was highly expressed in renal tubules in mice fed a high-fat diet (48). However, according to our findings, db/db mice presented downregulated expression level of CD36 and dapagliflozin can reverse the expression changes. We speculated the expression levels of CD36 may be affected by different nutritional status, which partly explains CD36 plays a contradictory role in glucose metabolism. The above results indicated that dapagliflozin exerts protective effects on DN through PPAR signaling pathway involving PPARG, CYP4A12a, CYP4A12b and CD36, which have not been previously reported. Significantly, the genes identified by the lncRNA-mRNA co-expression network were also enriched in PPAR signaling pathway, which regulates metabolic homeostasis, lipid, glucose and energy metabolism. Thiazolidinedione, act as PPARG agonist, was limited used in patients with diabetes due to its effect of increasing sodium reabsorption, leading to fluid retention and edema (49). Thus, considering the effect of sodium excreting and activating PPARG, patients with DN may benefit more from combination of dapagliflozin and thiazolidinedione than a single therapy, which was supported by previous studies (50).

In addition, we found that MAPK1, MAPK3, C3, CASP3 and H2-DMB2 were increased in db/db mice, whereas IL-10 were decreased in db/db mice and dapagliflozin can reverse the expression of these genes. Previous studies concluded that dapagliflozin protected against DN and reduced urinary albumin excretion via reducing the expression of MAPK signaling pathways (51, 52). Immune inflammation plays a pivotal role in the pathogenesis of DN. Complement C3 was proved to be negatively related to the glomerular filtration rate in patients with DN and could be immune-related biomarkers of DN (53). It has been reported that dapagliflozin can attenuate complement over-activation and upregulate the anti-inflammatory cytokine IL-10 in diabetic mice (30, 54), which consisted with our results again. Recent studies showed that CASP3 was upregulated in diabetic rats and diabetic human kidney tubuli (55, 56). However, there are lack of evidence about relationships between CASP3 and dapagliflozin. H2-DMB2, playing a key role in antigen presentation by MHC class II molecules, has not been studied in DN.

Notably, in order to verify whether these hub genes play the same role in human, we searched human gene-disease databases including DisGeNET, GeneCardSuite and OMIM to screen the genes related with DN. We found that PPARG, CD36, MAPK1, MAPK3, CASP3, C3 and IL10 were related with DN, while the evidence of SMAD9, CYP4A12a, CYP4A12b and H2-DMB2 in DN was absent. Therefore, these results may provide us with new possible mechanisms mediating the pathogenesis of DN and also offer us new potential targets of dapagliflozin for DN.

Although we systematically elucidated the underlying molecular mechanisms of dapagliflozin in the treatment of DN, there were still several limitations in our study. First, the sample size in each group submitted for RNA sequencing was limited. Second, detailed interactions of the co-expressed lncRNAs and mRNAs are needed in future studies. Third, the functions of the hub genes obtained by RNA sequencing and network pharmacology need to be further verified in vivo and in vitro.

In conclusion, we combined RNA sequencing and network pharmacology to explore the potential mechanisms of dapagliflozin in DN. Our study demonstrated that dapagliflozin might treat DN through regulating TGF-β signaling pathway, PPAR signaling pathway and chemokine signaling pathway by targeting 11 hub genes (SMAD9, PPARG, CD36, CYP4A12A, CYP4A12B,CASP3, H2-DMB2, MAPK1, MAPK3, C3, IL-10). Our research provides new insights into the protective mechanism of dapagliflozin for DN.
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An increase in CYP2E1 expression is a key factor in the development of diabetic oxidative liver damage. Long-term treatment with omega-3 PUFAs, which are CYP2E1 substrates, may affect CYP2E1 expression in the liver. In this work, we performed Western blot analysis, biochemical methods, and microscopic ultrastructural studies of the liver in a streptozotocin-induced rat model of type 1 diabetes to investigate whether long-term treatment with omega-3 PUFAs could induce CYP2E1-dependent oxidative stress and diabetic liver pathology. Significant hyperglycemia and lack of natural weight gain were observed in the diabetic rats compared to non-diabetic controls. A 2.5-fold increase in CYP2E1 expression (protein content and activity) was also observed in the diabetic rats. In addition, signs of oxidative stress were found in the liver of the diabetic rats. A significant increase in transaminases and GGT level in blood serum was also observed, which could indicate marked destruction of liver tissue. Diabetic dyslipidemia (increased triacylglycerol levels and decreased HDL-C levels) was found. Treatment of the diabetic animals with an omega-3-enriched pharmaceutical composition of PUFAs had no effect on CYP2E1 levels but contributed to a two-fold decrease in enzyme activity. The intensity of lipid peroxidation also remained close to the diabetic group. However, at the same time, antioxidant protection was provided by induction of antioxidant enzyme activity. Examination of the liver ultrastructure revealed no characteristic signs of diabetic pathology. However, omega-3 PUFAs did not normalize blood glucose levels and serum lipid profile. Thus, long-term treatment of diabetic rats with omega-3 PUFAs does not increase the risk of CYP2E1-dependent oxidative stress and development of liver pathology but prevents some diabetic ultrastructural damage to hepatocytes.
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Introduction

Diabetes mellitus is one of the most common endocrine diseases in people of all ages around the world. Today, the problem of widespread prevalence of this disease among young people is particularly relevant. Diabetes mellitus is the cause of development and progression of pathology of systems and organs, including liver. In patients with type 2 diabetes mellitus, severe liver disease is often the cause of death (1). Unlike type 2 diabetes, type 1 diabetic liver disease develops slowly and is often asymptomatic. At the same time, an increase in liver-specific enzymes (gamma-glutamyl transferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase (AST)) is detected in the blood serum of patients, which may indicate the onset of liver pathology (2). The development of liver pathology in type 1 diabetics has been demonstrated in animal models, particularly in our recent work, which showed a sharp increase in liver-specific enzymes in blood serum, significant ultrastructural disturbances, and evidence of oxidative stress in the liver (3).

It is well known that oxidative stress is one of the main mechanisms for the development of diabetes mellitus. It has been shown that cytochrome P450 2E1 (CYP2E1) is the main source of reactive oxygen species (ROS) formation in the liver and that an increase in the expression of this enzyme is one of the key factors for the development of oxidative stress in the liver (4). It was found that oxidative stress mediated by the ROS generated by CYP2E1 damages hepatocytes by peroxidation of cellular macromolecules, namely, lipid peroxidation, protein carbonylation, and oxidative damage to DNA. This leads to an increase in apoptotic processes in hepatocytes and liver fibrosis. CYP2E1-dependent oxidative processes can lead to inhibition of lipid excretion processes and their accumulation in liver cells, as well as the development of fatty dystrophy (4). In addition, increased levels of circulating ketone bodies and acetone (substrates of CYP2E1) in the blood may cause an increase in CYP2E1 in the diabetic liver, leading to the development of insulin resistance. Insulin resistance, in turn, contributes to the maintenance of high levels of CYP2E1 and the progression of oxidative damage in hepatocytes (5). Insulin resistance also causes increased gluconeogenesis (6), and CYP2E1 plays a leading role in these processes. This contributes to an increase in glucose levels in liver cells and the development of hyperglycogenosis. In addition, ROS causes an increase in the expression of cytokines and stimulates inflammatory processes in the liver (7). Through the oxidation of fatty acids, CYP2E1 is also involved in de novo lipogenesis in fatty liver, whereby an interaction between CYP2E1 and PPARα-mediated fatty acid homeostasis has been demonstrated (8). The leading role of CYP2E1 in enhancing apoptotic processes and the development of liver fibrosis has been demonstrated (9). The demonstrated relationship between oxidative stress and the development of diabetic pathology provides a scientific basis for investigating the potential of using various natural compounds with antioxidant properties for the prevention and treatment of diabetic disease.

The antioxidant properties of omega-3 polyunsaturated fatty acids (PUFAs) have been demonstrated in animal disease models and in patients with cardiopathology and visceral organ pathology (10, 11). It should be noted that these compounds are substrates for CYP2E1 and may contribute to the accumulation of this protein in cells, which may increase the risk of oxidative stress. This should be considered when taking these compounds long-term, especially in diseases associated with high expression of CYP2E1, such as diabetic liver (4). In this work, we investigated the effect of long-term consumption of omega-3-enriched pharmaceutical composition of PUFAs on the level of CYP2E1 expression as a key factor in the initiation and development of liver pathology in diabetes mellitus. Prooxidant and antioxidant processes were also investigated, and the effect of omega-3 PUFAs on the ultrastructure of hepatocytes during the development of experimental diabetes was examined.



Materials and methods


Animal care and streptozotocin-induced diabetic rat model

Male Wistar rats (2 months old) were maintained in animal cages with free access to food and water on a 12/12-h light/dark cycle and room temperature. All animals were fed a standard diet. The non-diabetic control group included intact rats. Type 1 diabetes was induced by a single intraperitoneal injection of streptozotocin (STZ) at a dose of 50 mg/kg b.w.

The studies were conducted on three groups of animals: six non-diabetic control rats, six STZ-diabetic rats, and six STZ-diabetic rats treated with the pharmaceutical drug EPADOL (0.1 ml/100 g b.w. per day) purchased from Kyiv Vitamin Factory. EPADOL is the omega-3-enriched pharmaceutical composition of PUFAs. EPADOL contains ethyl esters of omega-3 PUFAs: 300 mg eicosapentaenoic acid (EPA) and 200 mg docosahexaenoic acid (DHA) per 1 ml. Thus, each animal received approximately 30 mg EPA and 20 mg DHA esters per 100 g b.w. per day.

STZ-diabetic rats were administered EPADOL by oral gavage once daily in the morning starting on the third day after STZ injection and for a period of 4 weeks. Blood glucose levels of all rats were checked three times: before injection of STZ, on the third day after injection (start of the experiment), and on the 28th day of the experiment (end of the experiment). A blood glucose level greater than 14 mmol/l on the third day after STZ injection was considered to indicate diabetes. Blood serum glucose levels were determined with an automated biochemical analyzer (Prestige 24i, Tokyo Boeki, Japan). The rats were decapitated under sodium pentobarbital anesthesia (60 mg/kg b.w.) at the end of the experiment. All manipulations of laboratory animals were performed in accordance with the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (Strasbourg, 1986). The protocol was approved by the Local Committee on Bioethics (registration number: 0114U007233).



Western blot analysis and protein measurement

Preparation of liver samples for Western blot analysis and measurement of CYP2E1 protein levels were performed as previously described (12). CYP2E1 was identified using anti-CYP2E1 antibodies produced in Rabbit (Sigma-Aldrich, USA). The beta-actin (loading control) were visualized by mouse anti-beta-actin antibodies (Sigma-Aldrich, USA). Western blot analysis was carried out according to the manufacturer’s instruction for the use of antibodies. The treatment of membranes with secondary antibodies (Sigma-Aldrich, USA) was followed by chemiluminescence detection according to manufacturers’ instructions. Western blots were visualized and calculated using the ChemiDoc XRS+ system with Image Lab software (Bio-Rad, USA). Relative protein levels were calculated by comparing CYP2E1 levels with beta-actin levels and expressed as relative units.



Measurement of monooxygenase activity of CYP2E1 in liver microsomes

Liver microsomes were obtained, and the p-nitrophenol (PNP) hydroxylase activity of CYP2E1 in microsomes was determined as previously described (3). Liver microsomes were obtained by ultracentrifugation at 100,000g for 60 min at 4°C. After ultracentrifugation, the microsomal pellet was suspended in storage buffer containing 100 mM Tris–HCl, pH 6.8, and 20% glycerol and aliquots were frozen at -70°C until needed. The reaction mixture for the measurement of the activity of CYP2E1 had the composition 1.0 mg of microsomal protein, 200 mM PNP (Sigma-Aldrich, USA) in 0.1 M potassium phosphate buffer (pH 6.8), and 1.0 mM ascorbic acid. The mixture was preincubated for 5 min at 37°C, and reaction was carried out with 1 mM NADPH (Sigma-Aldrich, USA) for 2 min at 37°C. The p-nitrocatechol (PNC) formed from PNP was detected by spectrophotometric measurement with absorbance of 546 nm. CYP2E1 activity values were expressed as nmol of p-nitrocatechol per minute per milligram of microsomal protein.



Oxidative stress markers

Levels of lipid peroxidation (LPO), catalase, and superoxide dismutase (SOD) in liver tissue were determined as previously described (12). The level of LPO was determined in liver homogenates by assessing the level of malondialdehyde (MDA) as the main product of the reaction between thiobarbituric acid and lipid peroxides. Catalase activity was measured by hydrogen peroxide (H2O2) degradation. The reaction mixture consisted of 0.25% tissue homogenate, and 0.03% H2O2 (Sigma-Aldrich, USA) was incubated at 37°C for 10 min. The residual H2O2 was determined by adding ammonium molybdate and measured spectrophotometrically at 410 nm. SOD was assayed using nicotinamide adenine dinucleotide and phenazine methosulfate reagents for the reduction of nitro blue tetrazolium salt into blue-colored formazan measured spectrophotometrically at 560 nm.

The MDA values were expressed as mkmol per milligram of protein. The values of enzyme activities were expressed as U/mg protein (one unit of catalase activity means the amount of enzyme degrading 1 mkmol H2O2 per minute, one unit of SOD activity – the amount of enzyme oxidizing 1 nmol NADH per minute).



Electron microscopic studies of rat livers

Preparation of liver tissues for microscopic studies of the ultrastructure of the liver was performed as previously described (3). For electron microscopic examination, 40–60-nm-thick ultrathin sections were contrasted with 1% uranyl acetate and lead citrate solution according to the method of Reynolds. The studies were performed using an electron microscope JEM 100CX (JEOL, Japan).



Measurement of serum transaminases, gamma-glutamyl transferase levels, and lipid profile

The levels of activity of ALT, AST, and GGT in blood serum are useful biomarkers for liver pathology. A lipid profile is a test that measures the amount of total cholesterol, triacylglycerol (TAG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in blood serum. Blood serum was obtained as previously described (3). The levels of activity of the enzymes and a lipid profile in blood serum were measured using an automated biochemical analyzer (Tokyo Boeki Prestige 24i, Japan, and HTI Biochem FC-200, USA).



Statistical analysis

Statistical analysis was performed using Status software (http://status-please.herokuapp.com). Data were tested for normal distribution with Shapiro–Wilk test. Dispersion equality was tested using Levine test. Tukey-HSD test was used for multiple comparisons. Differences in means between groups were tested using one-way ANOVA and t-test. Statistically significant results were considered at p < 0.05. Results are presented as mean ± standard deviation (SD).




Results


Blood glucose levels and body weight of animals

All animals had physiological body weight values at the beginning of the experiment. At the end of the experiment, body weight values increased in the control group (27% compared to the time of the start of the experiment, p = 0.002), whereas the values remained unchanged in the diabetic group (Table 1).


Table 1 | Body weight and glucose levels in the blood of the experimental animals.



Before the start of the experiment, the blood glucose levels of all intact animals were within the physiological range (approximately 8 mmol/l). In the diabetic group, a significant increase in blood glucose levels (three-fold compared to the intact control group, p = 0.001) was observed on the third day after injection of STZ. At the end of the experiment, glucose levels were four times higher than in the intact control (p = 0.001) (Table 1).

Treatment with omega-3 PUFAs did not decrease glucose levels in the diabetic rats. These levels remained elevated by more than 3.5-fold compared with non-diabetic controls (p = 0.001) (Table 1). No changes in body weight were observed in the diabetic rats administered with omega-3 PUFAs during the experiment (Table 1).



CYP2E1 activity and protein levels in the liver

A 2.5-fold increase in CYP2E1 protein level was observed in the liver of STZ-diabetic rats compared to the non-diabetic control (p = 0.030) (Figure 1). It was also found that an increase in the enzyme level resulted in a more than two-fold increase in its monooxygenase activity (p = 0.001) (Figure 2).




Figure 1 | CYP2E1 protein levels in the liver of experimental rats. (A) Western blot analysis of total liver lysates probed with specific anti-CYP2E1 antibodies. Beta-actin is a loading control. (B) Quantification of Western blotting results. *p-values < 0.05 were considered statistically significant (Student’s t-test). Means ± SD (n = 4 in each group).






Figure 2 | p-Nitrophenol hydroxylase activity of CYP2E1 in microsomes from liver of experimental animals; *p-values < 0.05 were considered statistically significant (one-way ANOVA). Means ± SD (n = 4-6 in each group).



It was found that administration of omega-3 PUFAs to diabetic rats did not result in a significant change in CYP2E1 levels compared to the STZ-diabetic group (p = 0.388) (Figure 1). At the same time, CYP2E1 activity was significantly decreased (two-fold) compared to the diabetic group (p = 0.001) and approached the levels of the non-diabetic control group (p = 0.192) (Figure 2).



Oxidative stress markers in the liver of STZ-induced diabetic rats

Previously, it was shown that an increase in CYP2E1 expression can lead to the development of oxidative stress in cells (4). We found the signs of this stress in the liver of experimental diabetic animals. A 1.9-fold increase in malondialdehyde levels (diabetic vs. control, p = 0.008) was observed, which may indicate an intensification of lipid peroxidation processes. At the same time, a depletion of the antioxidant system was observed. Specifically, catalase and SOD activities were decreased 2.8-fold and 1.8-fold, respectively, in the livers of diabetic animals compared to non-diabetic controls, but for SOD there were no statistically significant data (catalase, p = 0.015; SOD, p = 0.312) (Figure 3).




Figure 3 | Oxidative stress markers in the liver tissues of the experimental animals. (A) Malondialdehyde levels, (B) catalase activity, (C) superoxide dismutase activity. *p-values < 0.05 were considered statistically significant (one-way ANOVA). Means ± SD (n = 6 in each group).



It was found that treatment with omega-3 PUFAs did not decrease peroxide processes, which remained close to the diabetic group. At the same time, the levels of catalase and SOD activity increased by 2.4-fold and 8-fold, respectively, compared to the diabetic group, but for catalase there were no statistically significant data (catalase, p = 0.062; SOD, p = 0.001). Catalase activity remained at the control level, and the SOD activity was 4.5-fold higher than in the non-diabetic control group (p = 0.001). Thus, no signs of oxidative stress were detected in the livers of diabetic rats consuming omega-3 PUFAs (Figure 3).



Electron microscopic studies of the livers of experimental animals

In our recent study, the structural characteristics of the livers of intact as well as STZ-diabetic male Wistar rats were described. No signs of liver pathology were detected in the liver samples of the intact rats (3). At the same time, we found significant ultrastructural changes (structural and functional damage to organelles, especially mitochondria, as well as signs of disturbances in metabolic processes, including fat dystrophy) in the livers of the diabetic animals (3).

In this work, we investigated the ultrastructural features of liver tissue from diabetic rats treated with omega-3 PUFAs. We found a marked granularity of the endoplasmic reticulum, which may indicate an increase in protein synthesis in hepatocytes (Figures 4A, B). Different forms of mitochondria were detected: most of the organelles showed signs of normal adult functional forms with vesicular cristae (Figure 4A), some of the organelles showed signs of young forms with an electron-dense matrix without clearly defined cristae (Figure 4E), and some of the mitochondria showed apoptotic changes (Figure 4C) and destructive changes (Figure 4D). The presence of different forms of mitochondria with a predominance of functionally active mitochondria may indicate optimal energy production in cells. The formation of a large number of nuclear pores of considerable size (Figures 4C–E) was found, probably indicating the activation of the processes of transport of informational and protein molecules across the nuclear membrane. This may also be evidenced by the location of mitochondria in the perinuclear region (Figures 4C, D). A considerable number of glycogen granules were found, some of which are collected in rosettes (Figure 4F).




Figure 4 | Ultrastructural features of hepatocytes from STZ-diabetic rats administered with omega-3 PUFAs. (A) Ultrastructure of endoplasmic reticulum, ×12,000. (B) Localization of ribosomes on the ER membrane, ×12,000. (C) Ultrastructure of apoptotic mitochondria, ×6,400. (D) Ultrastructure of nucleus, ×6,400. (E) Transport of informational and protein molecules between the nucleus and cytoplasm of hepatocyte, ×8,000. (F) Glycogen granules in hepatocytes, ×8,000. ER—endoplasmic reticulum, G—glycogen granules, Mt—mitochondria, Mt a—apoptotic mitochondria, N—nucleus, NP—nuclear pores, R—ribosomes.



Thus, in the present work, we have shown that treatment with omega-3 PUFAs prevents damage to the ultrastructure of the liver of diabetic rats, namely, structural and functional damage to organelles, especially mitochondria and the nucleus, which we had previously demonstrated in liver samples from diabetic rats (3). Biosynthetic processes and the processes of transport of molecules across the nuclear membrane were significantly enhanced. There were also signs of normal function of the mitochondrial apparatus. It should be noted that no lipid granules were found in the samples studied, which may indicate the prevention of the development of lipid dystrophy, which often occurs in diabetic liver. However, there were signs of impaired carbohydrate metabolism in the liver samples (Figure 4).



Serum markers of a liver destruction STZ-induced diabetic rat model

The signs of liver pathology were found in the blood serum of the diabetic rats. We discovered increased activity of transaminases: ALT (by 3.8-fold), AST (by 1.7-fold), and GGT (by more than 5-fold) compared to control (ALT, p = 0.001; AST, p = 0.001; GGT, p = 0.001) (Figure 5).




Figure 5 | Serum markers of liver destruction in the experimental animals. (A) Alanine aminotransferase levels, (B) aspartate aminotransferase levels, and (C) gamma-glutamyl transferase levels. *p-values < 0.05 were considered statistically significant (one-way ANOVA). Means ± SD (n = 6 in each group).



It was found that the levels of ALT, AST, and GGT activity in the blood serum of the diabetic animals administered with omega-3 PUFAs were significantly lower (approximately by 2-fold) than in the diabetic group (ALT, p = 0.001; AST, p = 0.001; GGT, p = 0.001). Thus, AST approached control values, while ALT and GGT remained elevated compared to the non-diabetic control group (ALT, p = 0.011; AST, p = 0.060; GGT, p = 0.001) (Figure 5).



Serum lipid profile of STZ-induced diabetic rats

The lipid profile abnormality (dyslipidemia) is a common symptom of diabetes, as well as a risk factor for non-alcoholic fatty liver disease (13, 14). Some signs of dyslipidemia were found in the blood serum of the diabetic rats. We discovered increased levels of the triacylglycerol (68%) and decreased level of the high-density lipoprotein cholesterol (39%) compared to non-diabetic control (TAG, p = 0.013; HDL-C, p = 0.001). The levels of total cholesterol and low-density lipoprotein cholesterol approached control values (cholesterol, p = 0.200; LDL-C, p = 0.179) (Table 2).


Table 2 | Serum lipid profile of experimental animals.



It was found that the cholesterol, TAG, LDL-C, and HDL-C levels in the blood serum of the diabetic animals administered with omega-3 PUFAs did not change compared to the diabetic group (cholesterol, p = 0.436; TAG, p = 0.287; LDL-C, p = 0.795; and HDL-C, p = 0.900). Thus, the treatment with omega-3 PUFAs did not contribute to the normalization of the lipid profile (diabetics/PUFAs vs. non-diabetic control, cholesterol, p = 0.842; TAG, p = 0.001; LDL-C, p = 0.444; HDL-C, p = 0.001) (Table 2).




Discussion

Due to their antioxidant, anti-inflammatory, antiapoptotic, and other beneficial properties, omega-3-enriched pharmaceutical compositions of PUFAs are widely used for the prevention of the pathologies of the cardiovascular and endocrine systems, especially in diabetes mellitus (11). It should be noted that the systemic metabolism of PUFAs entering the body from the outside occurs mainly in the liver (15). Enzymes of the cytochrome P450 superfamily, especially CYP2E1, play the main role in the metabolism of omega PUFAs (16). Omega-3 PUFAs, as substrates, can increase the expression level of CYP2E1 in cells. We have recently shown that a diet enriched with omega-3 PUFAs leads to an increase in CYP2E1 levels in the liver of young healthy animals (12). It has also been shown that an increase in CYP2E1 expression can lead to oxidative stress, oxidative ultrastructural damage, and the development of pathology (4). Therefore, the question arises whether long-term treatment with CYP2E1 substrates may increase the risk of developing CYP2E1-dependent oxidative stress in some diseases (including diabetes) whose pathogenesis is closely associated with increased expression of CYP2E1. Our work aimed to address this question.

In our experiment, we detected an increase in the level and activity of CYP2E1 in the liver of diabetic rats. Several factors could lead to this, including a decrease in the inhibitory effect of insulin on gene transcription, substrate stabilization of CYP2E1 molecules by acetone and ketone bodies, and intensification of gluconeogenesis with active participation of CYP2E1 (17). Such increased expression of CYP2E1 could cause the development of oxidative stress, the signs of which were found in diabetic liver in the present study. In our previous work, we found that CYP2E1-dependent oxidative stress caused ultrastructural damage in the liver tissue of diabetic animals, which was accompanied by a significant increase in liver damage biomarkers in serum (12). In the present work, liver tissue destruction was also evidenced by an increase in serum markers of liver pathology. Our previous ultrastructural studies have found signs of fatty liver in diabetic rats (12). It is known that defects in insulin action, increased concentrations of free fatty acids, and non-infectious inflammation lead to the disturbed regulation of lipoprotein metabolism in the liver, resulting in an abnormal serum lipid profile in diabetics (14). It was shown that dyslipidemia is a risk factor for non-alcoholic fatty liver disease (15). It was found that CYP2E1-mediated mechanisms may be involved in such processes (7, 8). We have identified signs of dyslipidemia, namely, an increase in TAG level and a decrease in HDL-C level. A similar lipid profile abnormality was found in patients with type 1 diabetes (18).

We investigated the level of CYP2E1 expression (as a key factor in the development of pathology) in the liver of diabetic rats treated with omega-3 PUFAs. We found no changes in the level of the enzyme but noted a significant decrease in its activity compared to the non-treated diabetic group. Such maintenance of a high CYP2E1 content may be associated with a high level of substrates that stabilize the enzyme molecule and protect it from rapid degradation. At the same time, a high level of CYP2E1 substrates may cause the effect of substrate inhibition (19), which we observed when studying the p-nitrophenol hydroxylase activity of the enzyme in vitro. The increased expression of CYP2E1 may be the reason for the high peroxide processes we observed in the liver of diabetic rats treated with omega-3 PUFAs. It was shown that increased CYP2E1 expression and CYP2E1-dependent oxidative processes can lead to the development of fatty dystrophy (4). In our recent studies, we observed signs of lipid metabolism disorders in the liver of diabetic rats (3). In the present work, administration of omega-3 PUFAs led to some activation of antioxidant enzymes, which could prevent oxidative damage to the liver. The ability of omega-3 PUFAs to activate antioxidant resources has also been demonstrated by other authors (11). It was shown that omega-3 fatty acid treatment may have beneficial effects in regulating hepatic lipid metabolism (20). Indeed, we found no signs of fatty liver. However, the serum lipid profile did not normalize. Dyslipidemia is due to insulin dysregulation and hyperglycemia (14), and omega-3 PUFAs do not affect these processes.

Thus, consumption of omega-3 PUFAs was shown to prevent oxidative damage to liver tissue in diabetic rats. This contributed to the maintenance of the processes of biosynthesis, energy metabolism, and lipid metabolism in liver cells. The absence of significant structural and functional disorders of the liver of diabetic rats treated with omega-3 PUFAs can be demonstrated by the data of microscopic ultrastructural analysis and biochemical analysis of the level of serum markers of liver pathology.

It should be noted that significant accumulations of glycogen in liver cells and hyperglycemia were also detected in the present work. These data may indicate inhibition of the processes of glucose entry into the liver and stimulation of gluconeogenesis in the cells, with an increase in CYP2E1 levels playing a leading role in the activation of this process. Thus, it was found that treatment with omega-3 PUFAs did not normalize carbohydrate metabolism in the liver of diabetic rats.



Conclusion

We detected a significant increase in CYP2E1 expression (protein content and activity) and found evidence of oxidative stress, which may have been induced by a high CYP2E1 concentration in the liver of diabetic rats. The significant increase in blood serum transaminases detected could indicate marked destruction of liver tissue. All these signs could indicate the development of diabetic pathology in the liver of the experimental animals. Significant hyperglycemia and diabetic dyslipidemia (increased triacylglycerol levels and decreased HDL-C levels) were found. Lack of natural weight gain in the rats was also noted.

Treatment of the diabetic animals with an omega-3-enriched pharmaceutical composition of PUFAs had no effect on CYP2E1 levels, which remained at the diabetic levels, but contributed to a decrease in enzyme activity. The high level of CYP2E1 could be the reason for the high level of peroxide processes. However, due to the induction of antioxidant activity, treatment with omega-3 PUFAs may prevent oxidative damage to the liver. Examination of the ultrastructure of liver tissues and cells revealed no signs of diabetic pathology, with the exception of hyperglycogenosis. The markedly increased accumulation of glycogen granules in the hepatocytes, as well as the significant hyperglycemia, might indicate that the omega-3 PUFAs have no effect on carbohydrate metabolism. We also found no signs of fatty liver disease. However, the serum lipid profile did not normalize.

Thus, the results obtained might indicate that long-term treatment of diabetic animals with omega-3 PUFAs does not increase the risk of CYP2E1-dependent oxidative stress and the development of liver pathology but rather prevents some diabetic ultrastructural damage to hepatocytes.
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Diabetes mellitus is a type of metabolic disease characterized by hyperglycemia, primarily caused by defects in insulin secretion, insulin action, or both. Long-term chronic hyperglycemia can lead to diabetes-related complications, causing damage, dysfunction, and failure of different organs. However, traditional insulin and oral drug therapy can only treat the symptoms but not delay the progressive failure of pancreatic beta cells or prevent the emergence of diabetic complications. Mesenchymal stem cells have received extensive attention due to their strong immunoregulatory functions and regeneration effects. Mesenchymal stem cell-derived exosomes (MSC-Exos) have been proposed as a novel treatment for diabetic patients as they have demonstrated superior efficiency to mesenchymal stem cells. This review summarizes the therapeutic effects, mechanisms, challenges, and future prospects of MSC-Exos in treating diabetes mellitus and its related complications. This review supports the potential use of MSC-Exos in future regenerative medicine to overcome the current difficulties in clinical treatment, particularly in treating diabetes.
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1 Introduction

Diabetes mellitus is (DM) a metabolic disease characterized by hyperglycemia. It is primarily divided into Type 1 diabetes mellitus (T1DM), which occurs due to absolute deficiency in insulin secretion caused by autoimmune destruction of pancreatic beta cells (β-cells). Additionally, Type 2 diabetes mellitus (T2DM) is caused by insulin resistance or islets β-cells dysfunction (1, 2). Diabetes has become the ninth leading cause of mortality, with the total number of people with diabetes quadrupled in the past three decades (3). More than 440 million people are currently affected by the diabetes epidemic, with approximately 1 in 10 adults having diabetes, with T2DM accounting for 90% (3). Long-term chronic hyperglycemia can lead to diabetes-related complications, causing damage, dysfunction, and failure of multiple organs and tissues, such as the eyes, kidneys, nerves, heart, blood vessels, etc. Most patients with T2DM have at least one of these complications, with cardiovascular complications being the most common cause of mortality (3). Meanwhile, T1DM is closely associated with various microvascular and macrovascular complications (4). The rising prevalence and serious complications have made diabetes a huge challenge that significantly jeopardizes public health.

Insulin injection and oral hypoglycemic medications are the traditional treatments for diabetes. However, these treatments cannot slow down the progressive failure of pancreatic β-cells and prevent the emergence of diabetic complications. Recently, researchers have focused on mesenchymal stem cells (MSCs) therapy as a potential treatment option for diabetic patients. MSCs are the heterogeneous subset of stromal stem cells that can be isolated from various tissues, including the umbilical cord, amniotic fluid, menstrual blood, bone marrow, adipose tissue, and others. MSCs exhibit self-renewal and the potential for multi-lineage differentiation, including mesodermal lineages, such as adipocytes, osteocytes, chondrocytes, etc. (5, 6). MSCs have emerged as the most promising source of cells for transplantation in recent years due to their immunomodulatory (7), paracrine (8), and trans-differentiation regulatory functions (9). Emerging studies have reported that MSCs are crucial in treating diabetes and its related complications (10–12). However, there are limitations in MSCs cell therapy, namely organ residence (13), limited utilization (14), thrombogenesis (15), low survival rate in vivo (16), and tumorigenicity potential (17, 18). Accumulating evidence indicates that MSCs exert their therapeutic effects mainly through the paracrine mechanisms, prompting extensive studies on mesenchymal stem cell-conditioned medium (8, 19, 20). Mesenchymal stem cell-derived exosomes (MSC-Exos) have been proven to be equally effective as MSCs in treating diabetes and related complications (21–23). In some studies, MSC-Exos have demonstrated a superior therapeutic and regenerative effect in treating T1DM compared with the parental cells (24). Furthermore, it is easier to maintain exosomes than MSCs, in addition to being a safer option due to the fewer membrane-bound proteins and lack of direct tumorigenicity (25). The ability of cell-free exosome therapy to circumvent the aforementioned shortcomings of MSCs transplantation combined with its excellent therapeutic effects and safety makes it a new strategy for the treatment of diabetes and diabetic complications. This review summarizes the biological characteristics of exosomes and their applications in the treatment of diabetes and its related complications. This review also elucidates the potential underlying mechanisms and we discuss the challenges related to their applications.



2 Properties of MSCs

MSCs are a class of pluripotent stem cells belonging to the mesoderm, which have all the common characteristics of stem cells, namely self-renewal and multidirectional differentiation ability. MSCs can differentiate into osteogenic, chondrogenic, and adipogenic lineages. Studies have proven that MSCs play important roles in many diseases including diabetes and related complications.

The most prevalent types of MSCs are mainly derived from bone marrow, adipose tissue, and perinatal tissues (human umbilical cord, umbilical blood, amniotic membrane, placenta, etc.). The biological properties of MSCs from various tissue origins vary. Both bone marrow MSCs (BMMSCs) and adipose MSCs (AMSCs) have trilineage differentiation potential. However, BMMSCs exhibit enhanced osteogenic and chondrogenic differentiation, whereas AMSCs are typically more likely to exhibit an adipogenic differentiation (26). Interestingly, umbilical blood MSCs (UCBMSCs) and placenta MSCs can differentiate into only two lineages (27). Even though there are conflicting results regarding the differentiation potential of perinatal tissues MSCs (PTMSCs), Marianna et al. confirmed that UCBMSCs have a lower adipogenic potential (28). In addition to the differentiation potential, the surface markers of MSCs are different. Compared to BMMSCs and AMSCs, human umbilical cord MSCs (HucMSCs) have higher levels of CD10, CD49d, CD54, CD200, and PDL2 expression, but lower levels of CD119, IFNγR1, and CD183 expression (29, 30). Coagulation factor III or tissue factor (TF)/CD142 levels were increased in AMSCs and PTMSCs compared to the BMMSCs (31, 32). Furthermore, the immunomodulatory properties of MSCs also differ. In vitro experiments showed that HucMSCs had a stronger inhibitory effect on T cell proliferation than placenta MSCs, followed by AMSCs and BMMSCs (33). However, according to other studies, BMMSCs exhibit more significant T cell suppressive capacity with increased expression of PDL1, IL10, and TGFβ1 (27, 34). Compared to BMMSCs and AMSCs, PTMSCs had the lowest expression of HLA antigens (HLA-DMA, HLA-DPB1, and HLA-DR) and immune-related genes (JAG1, TLR4, TLR3, NOTCH2, and NOTCH3), as well as reduced amounts of IL1α, IL6, and IL8 in the secretory group and increased IDO, IL1β, LIF and TNFβ2 (33, 35).

Studies have reported that MSCs act through their paracrine function and that MSCs are able to secrete a large number of RNAs, lipids, as well as a variety of soluble factors packaged in extracellular vesicles.



3 Biological characteristics of exosomes

Exosomes are a kind of extracellular vesicles with lipid bilayer membranes, which are cup-shaped structures under the microscope, ranging from 30-150 nm in diameter. Exosomes are formed in a process that involves double invagination of the plasma membrane and the formation of multivesicular bodies (MVBs). The plasma membrane is invaginated into a cup-like structure, thus forming early-sorting endosomes, which further mature into late-sorting endosomes with the involvement of the trans-Golgi network and endoplasmic reticulum (36–38). Meanwhile, intraluminal vesicles accumulate in late-sorting endosomes, converting them into MVBs. MVBs can be degraded by autophagosomes or lysosomes, or they can fuse with the plasma membrane to release intraluminal vesicles in the form of exosomes (29). Exosomes are taken up by recipient cells and participate in intercellular communication in three ways: receptor-ligand interaction, direct membrane fusion, and endocytosis/phagocytosis (39).

The nanoscale of exosomes allows them to be readily absorbed, cross the blood-brain barrier, and avoid being degraded by endosomes and lysosomal. While the lipid bilayer membrane structure can protect the cargo from degradation in the physical environment and provide long-term release effects to increase biological activity. Exosomes contain various molecular components, including DNA, RNA, lipids, and proteins derived from their parent cells, and are capable of performing important biological functions. In normal physiological processes, exosomes are able to participate in cell proliferation, immune regulation, neural communication, reproduction and development, and homeostasis. However, in pathological conditions, exosomes may interfere with immune responses, participate in the pathogenesis of tumors and neurodegenerative diseases, and even bring about pathogenic infections (39).



4 The roles of mesenchymal stem cell-derived exosomes in diabetes and its associated complications


4.1 Mesenchymal stem cell-derived exosomes and type 1 diabetes mellitus

T1DM is an autoimmune disease characterized by β-cells dysfunction and death, absolute insulin deficiency, and elevated blood glucose levels caused by autoreactive immune cells (40, 41). Therefore, inhibiting islet inflammation in T1DM and keeping a balance between auto-reactive effector T cells and regulatory T cells in vivo help to alleviate the injury and apoptosis of β-cells. Exosomes have been proven to have a robust immunomodulatory effect. Studies have reported that adipose-derived mesenchymal stem cell-derived exosomes (AMSC-Exos) exhibit immunomodulatory effects on T cells. The exosomes can also improve hyperglycemia symptoms in T1DM mice while increasing the number of regulatory T cells without affecting the proliferation index of lymphocytes (42). As the disease progresses, the number of pancreatic islets gradually decreases in T1DM patients due to inflammatory cells infiltrating the pancreatic islets and causing immune destruction of β-cells (43). Menstrual blood mesenchymal stem cell-derived exosomes (MenMSC-Exos) promote islet regeneration via the pancreas and duodenal homeobox one pathway, improve β-cells mass, and enhance insulin secretion in T1DM rats (44). Additionally, MSC-Exos have shown better therapeutic and regenerative effects than MSCs alone. Within four weeks of treatment with bone marrow mesenchymal stem cell-derived exosomes (BMMSC-Exos), T1DM rats showed a significant reduction in blood glucose levels and increased plasma insulin levels. Additionally, histopathology examination also revealed that the islets cells were regenerated, the number and size of Langerhans islets increased, while fibrosis and inflammation were reduced. However, the above indices were only slightly improved when the rats were treated with BMMSCs rather than BMMSC-Exos (45).

Islet transplantation is a prominent treatment for patients with T1DM. However, its application is limited by the shortage of organ donors and the loss of islets during the pre-transplant culture period and post-transplantation (46). Therefore, improving islet survival and function and preventing islet cell apoptosis are the key factors in islet transplantation. Vascular endothelial growth factor (VEGF), a pro-survival and anti-apoptotic factor that maintains islet mass, is expressed in islets but attenuated in isolated islets. Reduced expression of VEGF is associated with islet dysfunction and cell death. VEGF also facilitates the revascularization of transplanted islets, which is essential for long-term graft survival (47, 48). Exosomes from Wharton’s jelly mesenchymal stem cell (WJMSC-Exos) increase the expression of VEGF in co-cultured islets.

Furthermore, WJMSC-Exos can downregulate apoptotic genes such as BAD and BAX while upregulating the anti-apoptotic gene, BCL-2, and pro-survival gene, PI3K. PI3K can accelerate cell survival by activating Akt and inhibiting BAD and BAX (49), enhancing islet cell viability and reducing apoptosis. Proinflammatory cytokines trigger the expression of apoptosis and hypoxia-related genes, including iNOS, Fas, Caspase-3, and miR-375, causing immune rejection, and resulting in the destruction and dysfunction of transplanted islets. BMMSC-Exos can deliver siFAS and anti-miR-375, reduce immune activity and inhibit early apoptosis of transplanted islets (50). In the future, exosome therapy may eventually enable T1DM patients to reduce or eliminate insulin usage.

In addition to being utilized to treat T1DM, MSC-Exos may also be involved in its pathogenesis. According to in vitro research, islet MSC-like cells-derived exosomes (iMSC-Exos) are highly immunostimulatory. These exosomes may also contain specific antigens that stimulate autoreactive B cells, which in turn activate autoreactive T and B cells in prodromal diabetic NOD mice (a spontaneous disease model for T1DM) by binding to TLR. Additionally, the induction of auto-reactive Th1 cells was correlated with serum iMSC-Exos levels, with greater iMSC-Exos levels being linked to a rise in reactive Th1 cells. Therefore, iMSC-Exos may function as autoimmune triggers in NOD mice by acting as autoantigen carriers with strong adjuvant activity (51).



4.2 Mesenchymal stem cell-derived exosomes and type 2 diabetes mellitus and insulin resistance

T2DM, which accounts for 90% of patients with diabetes, is primarily caused by peripheral insulin resistance, pancreatic β-cells mass loss, and β-cells dysfunction (52). Glucose transporter 4 (GLUT4) is the major glucose transporter in adipose and skeletal muscle tissues and is strongly associated with peripheral insulin resistance in T2DM. GLUT4 translocation disorders and decreased expression reduce glucose uptake in skeletal muscle and adipose tissue, aggravating insulin resistance (53). In the T2DM rat model established by a high-fat diet and streptozotocin (STZ), human umbilical cord mesenchymal stem cell-derived exosomes (HucMSC-Exos) significantly ameliorated hyperglycemia in T2DM rats, restored insulin receptor substrate1 and the phosphorylation of protein kinase B (tyrosine site), and promoted the expression and membrane translocation of GLUT4 in skeletal muscle. Furthermore, HucMSC-Exos increased glycogen storage in vivo to maintain glucose homeostasis and inhibit STZ-induced β-cells apoptosis by restoring insulin secretion in T2DM rats (54). It was also reported that Langerhans islet induced atrophy and structural disorder in T2DM rats. A treatment using HucMSC-Exos restored islet structure, reduced the homeostatic model assessment of insulin resistance, and enhanced insulin sensitivity by promoting glucose uptake via GLUT1-4 in T2DM rats (55).

In conclusion, HucMSC-Exos can alleviate β-cells destruction and reverse peripheral insulin resistance. Hyperglycemia in diabetic patients encourages β-cells oxygen consumption, leading to β-cells hypoxia and a decline of PDX1 and MAFA, resulting in β-cells apoptosis and dysfunction (56, 57). HucMSC-Exos was shown to alleviate β-cells apoptosis under hypoxia by relieving hypoxia-induced endoplasmic reticulum stress and inhibiting p38 MAPK signaling in β-cells, which is mediated by the abundant miR-21 in HucMSC-Exos (58). Promoting islet regeneration and increasing insulin production is vital to restore T2DM. Umbilical cord blood mesenchymal stem cell-derived exosomes (UCBMSC-Exos) increased the proliferation of proliferative cells in Langerhans islets in STZ-induced diabetic mice, promoting pancreatic regeneration and improved insulin production by regulating the Extl3-Reg-cyclinD1 pathway (59). In summary, MSC-Exos can alleviate insulin resistance in insulin-sensitive tissues, such as the liver, muscle, and fat, and restore the function of β-cells.



4.3 Mesenchymal stem cell-derived exosomes and diabetic kidney disease

Diabetic kidney disease (DKD) is one of the severe microvascular complications of diabetes and a leading cause of end-stage renal disease worldwide (60). DKD pathogenesis involves various functional and structural changes, including hemodynamic changes, oxidative stress, mesangial cell expansion, and the development of glomerulosclerosis and fibrosis (61). The main clinical feature of DKD is persistent albuminuria, which can further develop into a decrease in glomerular filtration rate and renal tubular and interstitial lesions (62). Under diabetic conditions, almost all renal resident cells of DKD exhibit autophagy disorder (63). Exosomes from various tissues have been applied to treat DKD. BMMSC-Exos was reported to facilitate DKD by upregulating the autophagy function inhibited by the mTOR signaling pathway. Multiple injections of BMMSC-Exos significantly improved renal function in DKD mice, as observed in the significant decrease in serum creatinine (SCr), blood urea nitrogen (BUN), and urine albumin (UALB) levels. The injections also decreased the mesangial dilatation and improved renal fibrosis (64).

Exosomes contain abundant microRNAs (miRNAs), which play essential roles in immunoregulation, regulation of cell function, and homing mechanisms. miR-125a carried by AMSC-Exos mediated the protective effect of exosomes on DKD rats by inhibiting the HDAC1/ET1 axis (65). Meanwhile, miR-let-7a transported by BMMSC-Exos inhibited USP22 in the kidney tissue of DKD rats, leading to the decrease of SCr, BUN, triglycerides, and total cholesterol. Such action resulted in renal cells apoptosis and oxidative stress inhibition, and downregulation of N-cadherin and vimentin expression (66). In addition, BMMSC-Exos mediated its ameliorating effect on DKD rats by inhibiting the JAK2/STAT3 pathway (67).

Podocytes are terminally differentiated visceral epithelial cells that are an independent component of the glomerular filtration membrane, essential for maintaining glomerular filtration barrier function (68). Human urine stem cells-derived exosomes inhibited high glucose-induced VEGFA expression in podocytes by transporting miR-16-5p, promoting podocyte proliferation, and preventing apoptosis (69). In addition, miR-215-5p carried by AMSC-Exos attenuated high glucose-induced migration and injury in the mouse glomerular podocyte. It inhibited the expression of downstream ZEB2, alleviating podocyte injury and epithelial-mesenchymal transdifferentiation (70). BMMSC-Exos was also reported to inhibit STZ-induced apoptosis and degeneration of renal tubular epithelial cells in diabetic rats (71). Studies have shown that HucMSC-Exos carried abundant miR-146a-5p, which promotes M2 macrophage polarization by targeting the TRAF6-STAT1 signaling pathway to suppress renal inflammation and restore renal function (72). These findings suggest the possible role of miRNAs in mediating the amelioration of renal resident cells in the DKD model treated with various exosomes from various sources.

Urinary exosomes can be served as markers of DKD. In a study by Zubiri et al., it was found that the expression of regucalcin protein in renal tissue was reduced in diabetic kidneys, and this significant change can be reflected in urinary exosomes. Therefore, urinary exosomal regucalcin protein assay can be utilized for early diagnosis and progression monitoring of DKD (73). However, it is unclear whether urinary exosomes originate from urinary MSCs or from kidney-resident cells. For example, WT1 protein levels in urinary exosomes of patients with DKD increase with declining renal function, while WTI protein is also a marker and transcription factor for podocytes. Therefore, WT1 protein is likely to be derived from exosomes of podocytes rather than MSC-Exos (74).



4.4 Mesenchymal stem cell-derived exosomes and diabetic foot ulcer

Diabetic foot ulcer (DFU) is one of the leading causes of lower extremity amputation, which can be life-threatening in severe cases. About 6.3% of diabetic patients worldwide may develop diabetic foot diseases (75), with 17% and 5% requiring minor and major amputations, respectively, after one year (76). Diabetic neuropathy and peripheral vascular disease are the leading causes of DFU (77). The pathogenesis of DFU is multifactorial, with neuropathy, ischemia, and infection being the three main factors that are possibly combined with other factors such as diabetic skeletal disease, trauma, foot biomechanics, and weight bearing. Chronic wound healing in DFU is a complex dynamic physiological process that can be divided into four stages: hemostasis, inflammation, proliferation, and remodeling. Angiogenesis is critical in determining diabetic wound healing outcomes (78).

Multiple findings have indicated that BMMSC-Exos can enhance the proliferation and migration of fibroblasts, promoting diabetic wound healing (22, 79). Evangelos et al. found that BMMSC-Exos activated AKT, ERK 1/2, and STAT3 and induced the expression of many trophic factors (e.g., HGF, IL-6, IGF1, NGF, and SDF1) (22). In addition, Bi et al. reported that the therapeutic effect of exosomes on DFU models was mediated by the lncRNA H19 carried by BMMSC-Exos, which inhibited miR-152-3p and increased PTEN expression (79). Similarly, AMSC-Exos were found to improve the conditions of DFU models. It was reported that AMSC-Exos negatively regulated the expression of MMP1 and MMP3 in WS1, promoting collagen synthesis and wound healing. The treatment also inhibited cicatrix formation (80). Studies have also reported the role of lincRNA and miRNA in AMSCs-Exos in wound healing. A study demonstrated wound healing in diabetic mice promoted by induction of MIRI-128-3P/SIRT1-mediated autophagy with the overexpression of mmu_circ_0000250-modified AMSC-Exos (81). AMSC-Exos overexpressing linc00511 was also reported to accelerate angiogenesis and encourage healing of DFU through the inhibition of PAQR3-induced degradation of Twist1 ubiquitin (82). In one study, miR-21-5p mimics were loaded into AMSC-Exos by electroporation. The engineered AMSC-Exos promoted keratinocyte proliferation and migration via Wnt/β-catenin signaling in vitro and accelerated diabetic wound healing by increasing re-epithelialization, collagen remodeling, angiogenesis, and vascular maturation (83). Additionally, HucMSC-Exos can modulate endothelial cell function by reducing oxidative stress and inflammatory responses, promoting angiogenesis, and ultimately accelerating diabetic wound healing (84). Another study revealed that MenMSC-Exos facilitated wound healing primarily by promoting angiogenesis, enhancing re-epithelialization and wound closure rate, and altering the ratio of collagen type I/III (85). MSC-Exos participate in regulating the whole process of wound healing, treating diabetic foot ulcers. However, further research is required to determine the optimal way to incorporate exosomes in clinical applications.



4.5 The applications of mesenchymal stem cell-derived exosomes in other diabetic complications

MSC-Exos have also been applied in treating other diabetic complications, such as diabetic retinopathy, diabetic erectile dysfunction, diabetic osteoporosis, cognitive impairment, diabetic cardiomyopathy, and peripheral neuropathy, summarized in Table 1. The studies have demonstrated the role of MSC-Exos in ameliorating diabetic conditions and related complications.


Table 1 | The role of mesenchymal stem cell-derived exosomes in other diabetic complications.




4.5.1 Mesenchymal stem cell-derived exosomes and diabetic retinopathy

Diabetic retinopathy (DR) is a severe and long-term vision-impairing disease. DR is characterized by complications such as microaneurysms, exudates, hemorrhages, retinal neovascularization, and retinal edema. Because DR is considered a microvascular disease, various anti-VEGF approaches have been used clinically to prevent diabetic retinal neurovascular disease, including retinal neovascularization, vitreous hemorrhage, etc. However, anti-VEGF drugs cannot treat vision loss due to retinal ischemia and degeneration. Anti-VEGF drugs are also ineffective for treating early DR, although their effectiveness for advanced DR has been proven. A recent finding suggests that anti-VEGF may also impair neuronal survival and function (101).

Studies have shown that cell therapy using MSCs confers a specific protective effect on DR due to the immunomodulatory properties of MSCs (102, 103). However, due to ethical and safety issues related to MSCs transplantation, such as proliferative vitreoretinopathy, vitreous opacity, and vision loss (104), the treatment of DR with MSCs is still controversial. The therapeutic efficacy of MSCs is mainly attributable to paracrine-generated exosomes, whereby MSC-Exos have been shown to exert beneficial effects in ocular disease models (105–107). In recent years, researchers have reported that MSC-Exos could also significantly improve DR. Li et al. used real-time imaging methods such as fundus fluorescein angiography and optical coherence tomography to observe the fundus of rats. Combined with hematoxylin-eosin staining, it was observed that HucMSC-Exos could alleviate diabetes-induced retinal neuronal degeneration and inhibit microvascular disease. HucMSC-Exos also significantly reduced the loss of neuronal cells and retinal vascular damage in diabetic rats (108). A study revealed that HucMSC-Exos could transfer BDNF to retinal neurons and activate the BDNF-TrkB pathway to enhance high glucose (HG)-stimulated neuronal cell viability and inhibit its apoptosis (109). Another study reported that HucMSC-Exos transported miR-17-3p and ameliorated retinal inflammation and oxidative damage in DR mice by targeting STAT1 (110). Previous research has also revealed that BMMSC-Exos could inhibit oxidative stress, enhance angiogenesis, and induce an inflammatory reaction in the retinal cells of DR mice. The action is carried out by transporting miR-486-3p and miR-133b-3p through downregulation of the TLR4/NF-κB pathway and FBN1, respectively, resulting in inhibition of retinal cell apoptosis (111, 112). In addition, Song et al. reported that BMMSC-Exos carrying the lncRNA SNHG7 could inhibit HG-stimulated human retinal microvascular endothelial cells endothelial-mesenchymal transition and capillaries angiogenesis by interacting with the miR-34a-5p/XBP1 signaling pathway (113).



4.5.2 Mesenchymal stem cell-derived exosomes and erectile dysfunction

Erectile dysfunction is one of the major complications of diabetes, occurring in about 50% of men with diabetes within ten years of diagnosis (114). Various factors contribute to diabetic erectile dysfunction (DED), including hyperglycemia, hypertension, hyperlipidemia, insulin resistance, androgen deficiency, and vascular and neuronal abnormalities (115, 116). Mechanisms that mediate DED mainly include increased advanced glycation end products, impaired neuronal nitric oxide synthase (nNOS) synthesis, elevated levels of oxygen free radicals, and decreased levels of cyclic guanosine monophosphate (cGMP)-dependent kinase-1 and Nitric oxide (NO). Endothelial dysfunction is the primary pathophysiology of DED, which is characterized by the disability of the endothelium to generate vasodilatory messengers and maintain vasodilation and vascular homeostasis (117, 118). Growing evidence suggests that DED is a vascular disease (119).

AMSCs have attracted considerable attention as a practical cell transplantation resource for treating DED. Previous studies have demonstrated that the NO-cGMP pathway plays a vital role in maintaining normal erectile function since the loss of cGMP leads to DED (120). AMSC-Exos restored the expression of cGMP by transporting corin and enhanced the expressions of nNOS, ANP, and BNP. This action improved the impaired neurovascular function of DM rats and inhibited the expression of inflammatory factors, reversing the DED conditions caused by DM (121). Dai et al. demonstrated the angiogenic properties of AMSC-Exos, and their roles in inducing endothelial cells proliferation in vitro, reducing cavernous fibrosis, and restoring erectile function in diabetic rats. The study also reported the miRNA sequencing of AMSC-Exos, revealing the presence of pro-angiogenic (miR-126, miR-130a, and miR-132) microRNA and anti-fibrotic microRNA (miR-let7b and miR-let7c), which might have mediated the role of AMSC-Exos in improving the DED conditions (122). Part of the pathophysiology of DED involves a contraction-relaxation imbalance of smooth muscle cells (SMCs). Cavernous SMCs (CCSMCs) have been reported to modulate a phenotypic transition from a contractile to a proliferative state under hyperglycemic conditions, which may play an essential role in the pathogenesis of DED (123). Li et al. reported that BMMSC-Exos could transport miR-21-5p to inhibit programmed cell death 4 (PDCD4), promote CCSMCs proliferation, and inhibit CCSMCs apoptosis, improving DED in the DM rat model (124).



4.5.3 Mesenchymal stem cell-derived exosomes and diabetic osteoporosis

Growing evidence suggests a strong interaction between glucose levels and changes in bone metabolism. Impaired bone healing is considered a significant complication associated with DM. T2DM also causes changes in bone metabolism, impairs bone quality, and results in decreased bone strength, increased fracture risk, and impaired bone healing (125, 126). It was reported that the duration of fracture healing in DM patients is prolonged by 87% (127). BMMSCs are considered to be a promising source of engineered tissue cells that not only exhibit osteogenic differentiation properties but can also stimulate osteogenesis required for bone regeneration (128). Several studies have shown that exosomes mediate the role of MSCs in promoting osteogenesis and potentially regulating bone metabolism (129, 130). Furthermore, MSCs-Exos are more stable than MSCs for therapeutic intervention in specific physiological environments (131).

Studies have revealed that BMMSC-Exos also mediate the effect of BMMSCs in promoting osteogenesis, offering excellent potential in regulating bone metabolism. Wang et al. reported that both BMMSC-Exos of normal rats and BMMSC-Exos of diabetic rats could promote osteoblastogenesis and mineralization in BMMSCs of normal and DM rats, respectively. Additionally, Normal-BMMSC-Exos have demonstrated a more significant osteogenic effect on osteoblastogenesis than DM-BMMSC-Exos. Further studies found that BMMSC-Exos transfer miR-140-3p and miR-140-3p and promote osteogenesis by inhibiting the plexinB1/RhoA/ROCK signaling pathway (132). Inflammation is one of the leading causes of diabetic osteoporosis. Cheng et al. found that AMSC-Exos could inhibit the production and secretion of proinflammatory cytokines (e.g., IL-18 and IL-1β) in osteoclasts and inhibit the bone resorption by osteoclasts through the inactivation of NLRP3 inflammasome (133, 134). Studies have also revealed that AMSC-Exos overexpressing miR-146a exhibits a more substantial inhibitory effect than normal AMSC-Exo, whereas miR-146a-Exo inhibits the activation of the inflammasome by inhibiting HG-related osteoclast inflammatory response, improving diabetic osteoporosis in vivo.



4.5.4 Mesenchymal stem cell-derived exosomes and cognitive impairment

Diabetes-related cognitive impairment is a global challenge, with epidemiological studies reporting that the incidence of dementia in diabetic patients is two to three times higher than in nondiabetic patients. Multiple mechanisms are thought to contribute to diabetes-related dementia, including abnormal glucose metabolism (e.g., hyperglycemia and hypoglycemia), abnormal insulin action (e.g., insulin deficiency and insulin resistance), vascular abnormalities, and oxidative stress in the central nervous system (86, 135). The damage to hippocampal neurons and astrocytes is considered the most critical problem of cognitive impairment caused by diabetes. Mineko Fujimiya et al. reported that BMMSC-Exos could improve learning and memory impairment in diabetic mice. It was also reported that BMMSC-Exos do not increase the number of neurons but suppress oxidative stress and increase synaptic density while inhibiting the proliferation of microglia in the brain from restoring the abnormal ultrastructure of neurons, astrocytes, and blood vessels (87).



4.5.5 Mesenchymal stem cell-derived exosomes and diabetic cardiomyopathy

Cardiovascular disease is the leading cause of death in diabetic patients, including diabetic cardiomyopathy. The main characteristics of diabetic cardiomyopathy include myocardial fibrosis, chronic inflammation, and cardiac structure and function changes caused by chronic hyperglycemia in the absence of myocardial ischemia and hypertensive heart disease (88, 89). Lin et al. demonstrated that BMMSC-Exos could ameliorate DM-induced myocardial injury and fibrosis by inhibiting the TGF-β1/Smad2 signaling pathway (90).



4.5.6 Mesenchymal stem cell-derived exosomes and peripheral neuropathy

Diabetic peripheral neuropathy (DPN) is one of the common chronic complications of diabetes (91). By 2030, around 50 million people worldwide will suffer from DPN (92). Therefore, there is an urgent need to develop effective therapies designed to improve DPN. Liu et al. reported that BMMSC-Exos significantly reduced thermal and mechanical stimulation thresholds and increased nerve conduction velocity in DPN mice. Histopathological analysis revealed that BMMSC-Exos significantly increased the density of FITC-dextran-perfused vessels and increased the number of intraepidermal nerve fibers, myelin sheath thickness, and axonal diameter of the sciatic nerve. BMMSC-Exos could also attenuate neurovascular dysfunction and facilitate functional recovery in DPN mice by inhibiting TLR4/NF-κB pathway and suppressing proinflammatory gene expression. Notably, studies have shown that BMMSC-Exos overexpressing miR-146a amplifies the therapeutic effect in DPN compared to normal exosomes (93, 94).





5 Mesenchymal stem cell-derived exosomes for drug delivery

The therapeutic roles of MSC-Exos in diabetes and related complications were summarized above. More and more studies demonstrated that MSC-Exos can be applied as carriers for drugs in addition to miRNAs, proteins, and other cargoes. The lipid bilayer membrane structure of MSC-Exos can protect the integrity and the biological activity of drugs, and the membrane modification of MSC-Exos can achieve targeted drug delivery. Additionally, the low immunogenicity, low tumorigenicity, and high biocompatibility of MSC-Exos guarantee the safety of treatment. Exosomes have been explored to load different drugs to treat various diseases. For instance, Wang et al. loaded miR-34a into BMMSC-Exos to treat glioma (136). Other researchers load chemotherapy drugs such as adriamycin and paclitaxel into MSC-Exos for the treatment of tumor diseases with reduced drug side effects (137, 138). In diabetes treatment, miR-21-5p mimics were loaded into AMSC-Exos for diabetic wound healing (83). In the future, it is intended to investigate MSC-Exos’ potential to carry more potent drugs for the treatment of diabetes and related complications.



6 Which component in exosomes mediates the therapeutic effects?

Various cellular components, including RNAs (e.g., mRNAs, miRNAs, lincRNAs, etc.), DNAs, proteins, and lipids, are contained in exosomes (139) (Figure 1, left panel). However, nearly all current research has suggested that proteins and RNAs mediate the process of exosomes, whereas DNAs and lipids have received relatively little attention. MiRNAs are particularly prevalent in the research on several types of exosomal RNAs. Many studies have performed deep miRNA sequencing on MSC-Exos from various sources, or MSC-Exos that have been pretreated and genetically modified, to explore the roles of different miRNAs in different MSC-Exos for the treatment of other diseases (101, 102, 140). MiRNAs transported by exosomes serve critical roles in modulating the processes for treating diabetes and related complications. However, according to Toh et al., the concentration of pre-miRNAs in exosomes is inadequate to trigger biological reactions. Additionally, miRNAs are only biologically active when they bind to RNA-induced silencing complexes, yet exosomes typically lack the full RNA-induced silencing complexes.




Figure 1 | The applications of mesenchymal stem cell-derived exosomes in diabetes mellitus and related complications.



Meanwhile, biological processes can be triggered by the concentration of proteins in exosomes at therapeutic doses, exhibiting ATP generation by a glycolytic enzyme, which suggests that proteins might be the primary driver of MSC-Exos therapeutic activity (103). With the development of proteomics technology, scientists can now identify the composition of proteins in exosomes and further analyze their functions. Numerous studies have identified the proteins in MSC-Exos from various sources. The proteomics of BMMSC-Exos, AMSC-Exos, and HucMSC-Exos was systematically and comprehensively researched, leading to the discovery of 431, 457, and 771 proteins, respectively. Bioinformatics analysis of the shared and unique proteins of the three exosomes revealed that HucMSC-Exos have remarkable tissue damage healing capacity.

Additionally, the study suggested the regeneration ability of BMMSC-Exos and the role of AMSC-Exos in immune regulation (104). Proteomics has been used to research the functions of exosomes in various disorders, including heart attacks, pulmonary fibrosis, and Alzheimer’s disease (105–107). Despite the application of proteomics, it is important to determine which protein is crucial in the pathogenesis of a disease.

In conclusion, the prevailing theory holds that exosomes play a critical role in controlling intercellular communication via proteins and miRNAs. There is a need for a comprehensive investigation of the mechanism of exosomes in treating diabetes and its related complications. Similarly, the roles of DNAs and lipids in exosomes cannot be disregarded.



7 How do we improve the therapeutic effects of exosomes?

As mentioned earlier, exosomes from various tissues have various therapeutic effects on diabetes and related complications. However, the paracrine action of MSCs may be easily affected in a physicochemical environment due to the potential replicative senescence and reduced stability during the passage process, which reduces their therapeutic efficiency. Therefore, it is vital to identify the correct approach to enhance the therapeutic effect of exosomes. Researchers have found that MSC-Exos could deliver a superior therapeutic effect when subjected to specific pretreatments or genetic modifications. In addition, biomaterials can be used to encapsulate exosomes to strengthen their controlled-release effect and broaden their therapeutic effects (Table 2).


Table 2 | The different exosome engineering strategies.



Previous studies have shown that the pretreatment of MSCs with physical, chemical, and biological factors effectively enhances the biological activity of MSC-Exos and improves their repair efficacy in tissue engineering and regenerative medicine (108). For example, exosomes extracted from IL-1β-pretreated MSCs exhibited a higher IL-10 and TGF-β than exosomes extracted from untreated MSCs (109). In addition, hypoxia pretreatment increases angiogenesis and neuroprotection, improves MSCs proliferation and migration, and enhances MSCs engraftment efficiency compared to MSCs under normal culture conditions (110). Compared with normoxic exosomes, 215 miRNAs were upregulated, and 369 were downregulated in hypoxic AMSC-Exos. The upregulated miR-21-3p/miR-126-5p/miR-31-5p and the downregulated miR-99b/miR-146-a could activate the relevant signaling pathways, promoting fibroblast proliferation and migration (111). Deferoxamine has been shown to induce hypoxic effects. Studies have reported that both HypAMSC-Exos and deferoxamine-pretreated BMMSC-Exos could accelerate diabetic wound healing by regulating PI3K/AKT signaling pathway (111, 112). The activation of the PI3K/Akt/eNOS pathway is a key process in stimulating angiogenesis, enhancing human umbilical vein endothelial cells viability, and promoting capillary formation (113). NO produced by eNOS is a vasoactive substance secreted by the vascular endothelial system, which plays a vital role in maintaining vascular homeostasis (114). The activation of PI3K/Akt leads to phosphorylation of eNOS, resulting in NO production. Conversely, inhibition of the PI3K/Akt pathway results in reduced eNOS phosphorylation and inhibition of NO production, which is associated with endothelial cell dysfunction (115). Additionally, exosomes of BMMSCs pretreated with atorvastatin and pioglitazone can activate the PI3K/AKT/eNOS pathway, enhance the biological function of human umbilical vein endothelial cells, and promote neovascularization (116, 117). Macrophage polarization plays an important role in diabetic wound healing. M1 macrophages produce proinflammatory cytokines such as IL-1β and TNF-α, which may lead to organ dysfunction. Meanwhile, M2 macrophages are related to the production and secretion of anti-inflammatory cytokines, associated with reduced inflammatory response (118). An increase in the M2 phenotype and a decrease in the M1 phenotype contribute to diabetic wound repair (119). In addition, both melatonin-pretreated BMMSC-Exos and lipopolysaccharide-pretreated HucMSC-Exos can enhance the polarization of macrophages toward the M2 phenotype, thereby inhibiting the inflammatory response and promoting diabetic wound healing (120, 121). Studies have also reported that AMSC-Exos overexpressing Nrf2 could alleviate the progression of DFU in diabetic patients by preventing endothelial progenitor cell senescence and inhibiting ROS and inflammatory cytokine expression. Such actions result in reduced inflammation, improved angiogenesis, and rapid wound healing (122).

Exosomes are typically injected to treat diabetic foot wound healing, but infection and other factors could aggravate even a tiny wound. However, achieving good treatment outcomes is challenging because exosomes are quickly cleared and easily inactivated in vitro. Therefore, researchers have designed various biomaterials to encapsulate and protect exosomes, improving their effectiveness and maintaining the moisture level in damaged tissues (123, 124).

Mei et al. demonstrated that the exosomes encapsulated in hydrogel could effectively promote skin cell proliferation, migration, and angiogenesis and accelerate the healing of diabetic wounds compared with the non-encapsulated exosome (123, 125, 126). A novel nanohydrogel (NH) composed of polyvinyl alcohol (PVA) and alginate (Alg) was combined with HucMSC-Exos to form an Exo@H complex. This complex could activate the ERK1/2 signaling pathway and elevate SMA, CD31, SR-B1, and VEGF expression in diabetic wound, mediating diabetic wound healing (125). An injectable, self-healing, and antibacterial polypeptide-based FHE hydrogel encapsulating AMSC-Exos has been demonstrated to accelerate granulation tissue formation, re-epithelialization, and collagen remodeling at the wound site. Compared with the FHE hydrogel group, the pure exosomes group, and the control group, the skin appendages were more abundant, and the scar tissue was reduced in the FHE@exo hydrogel group (123). Zhang et al. used chitosan to encapsulate exosomes derived from synovial mesenchymal stem cells overexpressing miR-126-3p (SMSC-126-Exos). They found that SMSC-126-Exos could significantly activate PI3K/AKT and MAPK/ERK pathways compared with pure SMSC-Exos.

Moreover, the controlled release of SMSC-126-Exos significantly increased re-epithelialization and collagen deposition at the wound site, activating and promoting neovascular maturation (127). In addition, a chitosan/silk hydrogel sponge biomaterial has also been used as a support for exosomes derived from gingival MSCs. The exosome-hydrogel complexes could promote the re-epithelialization, deposition, and remodeling of the extracellular matrix. These complexes also promote angiogenesis and neuronal ingrowth, accelerating cutaneous wound healing in STZ-induced diabetic rats (128).

Unfortunately, there are no universal pretreatments of MSCs that can be beneficial for the therapy of different diabetic complications. Researchers should further investigate the mechanisms of exosomes in ameliorating diseases and explore the potential alternatives to modify the current methods.



8 Challenges and prospects

Diabetes and its complications can be treated effectively using MSC-Exos, as described in the preceding sections. However, it is necessary to resolve several issues before incorporating MSC-Exos in treating diabetes.

One key challenge in treating diabetes with MSC-Exos is the effect of residing tissues on MSC-Exos. According to previous studies, when exosomes were infused through the tail vein, only a few remained in the liver and spleen for 24 or 48 h (129, 130), probably because the liver and spleen are rich in blood. Therefore, it is crucial to explore the mechanisms of how MSC-Exos homing targets tissues and how it plays a long-term therapeutic role. It is interesting to know whether damaged target tissues secrete chemokines and cytokines that guide exosome homing in vivo. Several studies have revealed that MSCs can release various mediators, including immunosuppressive molecules, growth factors, exosomes, chemokines, complement components, and multiple metabolites, to regulate the inflammatory balance and microenvironment of damaged tissues when exposed to inflammatory environments (131). Exosomes may be dynamic depending on the state of the residing tissue, such as immunomodulation, tissue damage repair, or regeneration. It would be ideal for MSC-Exos to encourage angiogenesis when treating DFU but block it when treating DR. The finding suggests investigating why the same type of MSC-Exos can have opposing effects in various injured tissues.

Additionally, the controlled-release MSC-Exos technology applications in diabetes only apply to diabetic foot ulcers. There is a need to optimize the targeting and sustained-release technology of MSC-Exos in vivo to treat diabetic complications like the pancreatic injury, DKD and others. This optimization will prevent MSC-Exos from being destroyed by the physicochemical environment in vivo and help them play a long-term effect.

Secondly, MSC-Exos have been showing significant heterogeneity. MSC-Exos derived from different tissues have unique characteristics. Exosomes from different tissues have different proteomic characteristics, which can be used as a guide when choosing which exosomes to use for disease treatment (104, 132). Furthermore, exosomes from various tissue sources may have different therapeutic effects on the same disease. The use of MSCs from the same tissue source can rarely ensure the standardization of MSC-Exos content and their therapeutic effects on diseases because of the varied culture conditions, such as medium, cell production, and dimensions of the culture environment (two-dimensional or three-dimensional). Additionally, different exosome extraction methods can also cause heterogeneity in its contents. Therefore, when carrying out MSC-Exos therapy, it is important to consider an approach that can maximize the effectiveness of exosome therapy, i.e., ensuring the consistency in exosome isolation methods and the sources of exosomes, etc.

Finally, further clinical investigations are required to verify the therapeutic effect of MSC-Exos on diabetes and its associated complications. There have already been some clinical trials using MSC-Exos to treat these diseases (available online: http://www.clinicaltrials.gov/) (Table 3). In one of the clinical trials using UCBMSC-EV in chronic kidney disease, it was demonstrated that administration of UCBMSC-EV was safe and the treatment improved the inflammatory immune response and overall renal function in patients with grade III-IV CKD, as evidenced by significant improvements in eGFR, Scr, Bun and UACR, increases in plasma TGF-β1 and IL-10, and decreases in TNF-α plasma levels in these patients (133). Therefore, it is critical to conduct additional fundamental research and clinical trials. These studies will result in the discovery of novel treatments for diabetes and its related complications.


Table 3 | Clinical trial of MSC-Exos in the treatment of diabetes and related complications.



In addition to treating diseases, exosomes can be employed as natural drug carriers to deliver drugs, such as siRNAs, shRNAs, and other molecules. Modification of exosomes can enhance the therapeutic effect and targeting ability. For example, miR-21-5p mimics were electroporated into AMSC-Exos, exploiting the natural availability and biocompatibility of exosomes as extracellular miRNA transport particles to promote diabetic cutaneous wound healing (83). Exosomes carrying diverse therapeutic drugs may perform crucial therapeutic functions in the future.

Numerous nanovesicles can be generated by cell extrusion or polymer nanoparticles coated with cell membranes. These nanovesicles are called exosome mimetic vesicles (EMVs). While exosomes produced by cells are limited, EMVs are abundant. EMVs are comparable to exosomes in size, structure, and components and can also participate in cell-to-cell communication (134). Proteomic analysis of EMVs and exosomes derived from HucMSCs revealed that they share about 80% of the same protein while also containing unique proteins. EMVs and exosomes derived from HucMSCs have tissue repair ability, promoting wound healing and angiogenesis in mice (135). Future research must determine whether different MSC-derived EMVs have the same therapeutic effect as exosomes and whether they can be applied to diabetes and associated complications and other diseases.



Conclusion

Diabetes is a chronic condition that severely threatens global public health. This review outlines the roles and mechanisms of MSC-Exos in treating diabetes and its related complications (Figure 1). MSC-Exos have shown promising results in treating diabetes and may develop into a successful strategy for treating diabetes and complications in the future.
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Background

Diabetic retinopathy (DR) is a common and serious microvascular complication of diabetes mellitus (DM), but its pathological mechanism, especially the formation mechanism of new blood vessels remains unclear. Thrombospondin-1 (THBS1) is a potent endogenous inhibitor of angiogenesis and it was found over expressed in DR in our previous study. Our study aimed to determine whether overexpression of THBS1 is associated with its promoter methylation level, and whether methylation of THBS1 is regulated by genetic variants in DR.



Methods

Patients diagnosed with DR and DM patients without retinal problems were included in the case-control study. DNA methylation detection of THBS1 by bisulfite sequencing and genotyping of specific SNPs by MassARRAY analysis were performed in the patients recruited from 2019-2020. Real time quantitative PCR was performed to obtain mRNA expression of THBS1 in the patients recruited from August to October 2022. The differentially methylated CpG loci of THBS1 were identified by logistic regression, and associations between 13 SNPs and methylation levels of CpG loci were tested by methylation quantitative trait loci (meQTLs) analysis. Mediation analysis was applied to determine whether CpG loci were intermediate factors between meQTLs and DR.



Results

150 patients diagnosed with DR and 150 DM patients without retinal complications were enrolled in the first recruitment, seven DR patients and seven DM patients were enrolled in the second recruitment. The patients with DR showed promoter hypomethylation of THBS1 (P value = 0.002), and six out of thirty-nine CpG sites within two CpG islands (CGIs) showed hypomethylation(P value < 0.05). THBS1 mRNA expression in peripheral blood was significantly higher in DR patients than in DM patients. Five out of thirteen cis-meQTLs were identified to be associated with CpG sites: rs13329154, rs34973764 and rs5812091 were associated with cis-meQTLs of CpG-4 (P value=0.0145, 0.0095, 0.0158), rs11070177 and rs1847663 were associated with cis-meQTLs of CpG-2 and CpG-3 respectively (P value=0.0201, 0.0275). CpG-4 methylation significantly mediated the effect of the polymorphism rs34973764 on DR (B=0.0535, Boot 95%CI: 0.004~0.1336).



Conclusion

THBS1 overexpression is related to THBS1 hypomethylation in patients with DR. DNA methylation may be genetically controlled in DR.





Keywords: meQTL, DNA methylation, THBS1, diabetic retinopathy, genetic regulation



Introduction

Diabetic retinopathy (DR) is a common and serious microvascular complication of diabetes mellitus (DM), and has long been regarded as one of the major public health problems in the world (1, 2). An up-to-date evaluation report showed that one in five patients with DM worldwide had DR, and the number of adults with DR worldwide was estimated to rise from 103.12 million in 2020 to 160.5 million in 2045 (3). Clinically, DR not only leads to visual impairment and blindness, but also signifies an enhanced risk of cardiovascular disease, atherosclerosis and diabetic peripheral neuropathy (4–7). Glycemic control is routinely recommended to prevent the complications of DM. However, multiple basic studies have found that retinopathy induced by long-term exposure to hyperglycemia persists after glycemic control (8). Despite advances in the treatment with anti-angiogenic drugs (9), patients with DR might still experience adverse effects on their quality of life and financial circumstances. Accordingly, in order to reduce the prevalence of vision impairment and blindness caused by DR, it is imperative to discover more specific and sensitive biomarkers and explore its detailed etiology.

Early clinical characteristics of DR, such as microaneurysms and intraretinal microvascular abnormalities, are caused by changes in the cellular composition of the capillary wall (10). With the occurrence of capillary blockage and retinal ischemia in DR, neovascularization arises on the retina, resulting in proliferative DR (11). However, the pathological mechanism of DR, especially the formation mechanism of new blood vessels remains unclear. Thrombospondin-1 (THBS1) is a commonly matrix-cellular glycoprotein that plays a significant role in retinal vascular homeostasis (12, 13). Importantly, THBS1 is a potent endogenous inhibitor of angiogenesis. THBS1 was found to inhibit endothelial cell migration and proliferation and stimulate apoptosis by regulating vascular endothelial growth factor activity (14). THBS1 may be involved in the development and progression of DR (15). Overexpression of THBS1 impairs retinal vascular development and neointima formation in mice (16). In addition, deficiency of THBS1 expression in retinal endothelial cells resulted in the accelerated proliferation and increased angiogenesis (16, 17). Moreover, we analyzed two gene expression datasets of DR patients (GSE94019 and GSE60436) (18, 19), which were downloaded from the Gene Expression Omnibus (GEO) (20), and found that the expression of THBS1 was significantly up-regulated in the fibrovascular membrane of DR compared to normal retinal tissue in both datasets (adjusted P value = 3.58×10-3; 3.56×10-8) (data not published). Thus, we hypothesized that THBS1 is a critical molecular in the development of DR, but the detailed mechanism underlying THBS1 over-expression in DR is still unknown.

DNA methylation is a critical epigenetic alteration with the potential to illuminate the differential expression of THBS1 in DR. DNA methylation status is closely correlated with gene expression (21). For example, hypermethylation of gene promoter regions can decreases DNA accessibility and inhibit transcription factors from binding, causing gene inactivation (i.e., inhibition of gene expression). Furthermore, since Maghbooli et al. first found higher global DNA methylation level in patients with DR (22), subsequent studies have confirmed that DNA methylation of some genes was indeed different in patients with DR (23–25). DNA methylation is therefore a critical factor related to gene expression, and cannot be ignored in the development of DR. According to our previous analysis of two datasets, differential expression of anti-angiogenic factor-THBS1 was identified in patients with DR. However, whether THBS1 methylation is involved in DR remains unknown. Moreover, the association between genetic variation and DNA methylation in humans has been extensively studied, and methylation quantitative trait loci (meQTL) may exert a regulatory effect on methylation at related cytosine-phosphate-guanine (CpG) sites (including cis and trans effect) (26–28). Particularly, meQTL pairs formed by SNPs and CpG loci tend to be enriched for functionally relevant features, such as gene expression, metabolic functions and clinical manifestations (29). Therefore, identifying the genetic regulation of DNA methylation can help us figure out the mechanisms by which genetic variation influences complex phenotypes. In light of these findings, exploring whether methylation of THBS1 gene is genetically regulated may provide insight into the role of THBS1 in DR and shed new light on the molecular networks and biological mechanisms of DR.

Our study aimed to determine whether overexpression of THBS1 is associated with its promoter methylation level, and whether methylation of THBS1 is regulated by genetic variants in DR.



Methods and materials


Study population

Patients diagnosed with DR and DM patients without retinal complications were recruited in the case-control study from communities in Shenzhen City, Guangdong Province, China. The patients recruited from 2019 to 2020 were for the study of THBS1 methylation detection and specific SNPs genotyping, and the patients recruited from August to September 2022 were for THBS1 mRNA testing. Patients in the case group were adult males or females with a history of T2DM, impaired vision, and previously diagnosed with DR by Fluorescence fundus angiography or optical coherence tomography. Patients in the control group were previously diagnosed with T2DM {according to the Chinese Guidelines for the Prevention and Treatment of Type 2 Diabetes [2017 Edition (30)]} without retinopathy. The case and control subjects were matched for age, sex, and duration of disease. Patients with diabetic foot, diabetic nephropathy, macular edema, history of other eye diseases or eye surgery, malignant tumors, severe liver and kidney dysfunction, mental illness, and alcohol or drug abuse were excluded. This study was approved by the Ethics Committee of Shenzhen Center for Chronic Disease Control. Written informed consent was signed by all participants.



Questionnaire survey

Questionnaire survey was conducted among the patients recruited from 2019 to 2020 for demographic information (gender and age), anthropometric data [height, weight and body mass index (BMI)], diabetic duration, history of hypertension and information on lifestyle (smoking and drinking frequency) of patients enrolled. BMI = weight/height2 (kg/m2). Hypertension was defined as systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥ 90 mmHg, or a prior history of hypertension or use of antihypertensive medications. Smokers are defined as those who smoke one or more cigarettes a day for more than one year. Drinkers were defined as those who consumed more than 50 ml alcohol per week on average and drank for more than six months. The collected questionnaire data was sorted out by using EPIDATA software and recorded by two people.



Blood sample collection and DNA Extraction

5 ml fasting peripheral blood of all participants were collected by vacuum collection tubes after fasting for 12 hours. The blood samples of the first recruited patients were centrifuged, divided and stored in a refrigerator at -80℃. DNA was extracted from their peripheral blood by Blood Genomic DNA Extraction Kit (Omega, American). The blood samples of the secondly recruited patients were centrifuged, divided and used for subsequent mRNA level testing.



Biochemical index detection

Glycosylated hemoglobin (HbA1c), fasting blood glucose (FPG), urea (UREA), creatinine (Cr), triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) were tested among the patients recruited from 2019-2020 with Beckman-LX20 automatic biochemical analyzer.



THBS1 methylation detection

The detailed information on CpG islands and CpG sites of THBS1 gene is provided in Table S1. Bisulfite conversion of DNA was performed by EZ DNA methylation-Gold ™ Kit (ZYMO, CA, USA). The modified DNA was amplified by multiple PCR (HotStart Taq polymerase, TaKaRa, Dalian, China). Primers with Index sequences were used to introduce specific tag sequences to the end of target and region by PCR amplification (Herculase® II Fusion DNA Polymerase, Agilent Technologies, CA, USA). The information on Primer sequences of THBS1 is provided in Table S2. The PCR products were electrophoresed with 2% agarose gel and purified with TIANGEN Gel Extraction kit (TIANGEN, Beijing, China). Finally, data on THBS1 methylation was obtained using Illumina Hiseq or Nova SEQ platform for high-throughput sequencing.



Genotyping of specific SNPs

Genomic DNA extracted from peripheral blood was analyzed by mass spectrometry using MassARRAY (Agena Bioscience), and then genotyping of those thirteen SNPs was performed. GTEx portal (https://www.gtexportal.org/home/index.html) was used to search for expression quantitative trait Loci (eQTL) of THBS1 gene, and thirteen eQTLs existing both in whole blood and fibroblasts were selected as SNPs to be detected. Detailed information on SNPs is listed in Table 1.


Table 1 | Detailed information about SNPs.



The genotyping process was completed by Shanghai Tianhao Biotechnology Company. The quality evaluation of a SNP included minor allele frequency (MAF>5%), call rate(>95%).



mRNA extraction, cDNA synthesis and real time Quantitative PCR

Peripheral blood samples were treated with Red Blood Cell Lysis Buffer (Beyotime Biotechnology, Shanghai) and total RNA was extracted from cells using the Trizol method (TRIzol, Reagent life, USA). cDNA was synthesized from 1μg of total RNA using PrimeScriptTM RT reagent Kit with gDNA Eraser (Perfect real time) (TAKARA, Japan). The concentration and purity of RNA were determined by spectrophotometry (NanoVue Plus, GE healthcare UK limited, the United Kingdom). THBS1 mRNA expression was measured by real time quantitative PCR(RT-PCR) with TB Green® Premix Ex Taq™ II (TAKARA, Japan). The optimal number of PCR cycles and the mixing ratio of primers were determined according to the instruction of TB green reagent (Code No. RR820A). PCR products were quantified using TB Green. Beta-actin (ACTB) was used as an endogenous control to normalize expression levels. The ranges of linear amplification for the target gene and for the ACTB genes were studied. Data were normalized relative to the expression level of ACTB for each sample. Primers used for RT-PCR were human THBS1-1, 5’-TTGTCTTTGGAACCACACCA-3’(sense) and 5’-TGGACAGCTCATCACAGGAG-3’ (antisense); and ACTB 5’-GATGAGATTGGCATGGCTTT-3’ (Sense) and 5’-CACCTTCACCGGTCAGTTT -3’ (antisense). The expression levels of mRNA were represented as 2-ΔΔCT.



Statistic analysis

In terms of basic characteristics, continuous variables with normal distribution were presented as mean ± standard deviation, and independent two-sample t-tests were used to compare differences between the case and control group. Continuous variables without normal distribution were presented as medians (percentile 25, percentile 75), Wilcoxon rank sum test was performed to identify differences between groups. Categorical variables were presented using percentages and chi-square tests were used to compare differences between groups. All those tests were conducted two-tailed in IBM SPSS 25 software, and P<0.05 was considered significant.

The differentially methylated CpG loci of THBS1 were identified using univariate logistic regression in SPSS software. Associations between each SNP and methylation levels of differentially methylated CpG loci were tested to identify meQTLs using linear regression in the software PLINK (31). The independent variable was the genotype of the SNP, and the additive model was adopted. Given that we had previously tried to keep the distribution of most critical confounding factors- age, gender and diabetic duration to be the same between the case group and the control group, so we did not adjust for other factors. Cis-meQTL was defined as being less than 500kb upstream or downstream of CpG sites from the associated CpG loci, otherwise as trans-meQTLs. To examine the independence of these meQTLs, linkage disequilibrium (LD) analysis was performed by Haploview 4.2 programme (32). r2 was obtained as a measure of LD based on our study population. To explore the relationship between meQTLs and DR, binary logistic regressions were performed in dominant, recessive and additive models in SPSS software. HbA1c and TC were adjusted in three models. P<0.05 was considered significant.

To determine whether methylation at CpG loci was an intermediate factor between genetic variation and DR, we performed a mediation analysis by using macro PROCESS (v3.4 by Andrew F. Hayes) in SPSS. Model 4 was used for our analysis, which represented a simple mediation model (the type occurring when only one variable regulated the effect of a cause on an outcome) (33). 5000 bias-corrected Bootstrap sample was used for the significance test. It is sufficient to support a claim of mediation effect when the 95% bootstrap confidence intervals of the indirect effect (as quantified with ab) does not include zero (34). We can determine whether there is an intermediate effect of methylation, by calculating whether the indirect effect of genetic variation on disease is significant.




Results


Characteristics of the participants

From 2019 to 2020, 150 patients diagnosed with DR and 150 DM patients without retinal complications were enrolled in our study. Their clinical characteristics are summarized in Table 2. Since we matched the age, sex and duration of disease between the case group and the control group, the mean age of both groups was about 56 years, 55% were female, and the median duration of disease was 8 and 9 years, respectively. As illustrated in the table, BMI and the proportion of hypertension patients were comparable between the case and control groups. HbA1c, FPG, UREA, TC, LDL-C in the case group were significantly higher than those in the control group (P value<0.05).


Table 2 | Clinical characteristics of subjects.



From August to September 2022, seven DR patients and seven DM patients without retinal complications were enrolled in our study. Since we had matched age and gender of the participants in the case group and control group, the average ages of the case group and the control group are 60.14 ± 8.17 and 59.86 ± 7.51, with four females in each group.



Methylation analysis

There are two CpG islands (CGIs) in THBS1 gene, which contains 23 and 16 CpG sites respectively, and five CpG sites of CGI-2 are in the gene body of THBS1 (Figure 1). Methylation levels of 39 CpG loci on THBS1 gene were tested in all subjects (Table S1). The patients with DR showed a lower methylation level of THBS1 than the patients with DM (P value = 0.002) (Table S1). To be specific, the methylation levels of six CpG loci in the patients with DR were significantly different from those with DM, and all the 6 CpG loci in the patients with DR showed hypomethylation (P value<0.05) (Table 3). All these six sites are located in the promoter region of THBS1, CpG-5 locates downstream of the transcription start site (TSS), and other sites locates upstream of the TSS. The box plots of methylation levels of THBS1 and six CpG loci in the two groups are shown in Figure 2.




Figure 1 | Location of the two CpG islands in THBS1 gene.






Figure 2 | The box plots of methylation levels of THBS1 in the case and control groups. (A–F) Methylation levels of six CpG loci with significant difference in the case and control group. (G) Methylation levels of THBS1 in the case and control group.




Table 3 | Methylation analysis of THBS1.





Identification of THBS1 meQTL

The meQTL association analyses between 6 differentially methylated CpG sites and 13 SNPS were performed by the software PLINK, and the results are shown in Table S3. Five SNPs were associated with three differentially methylated CpG loci, all of which were cis-meQTLs upstream of the associated CpG loci. Box plots of methylation level plotted against genotypes for five meQTLs are shown in Figure 3. rs13329154(C>T), rs34973764(insC), rs5812091(dupC) were cis-meQTLs of CpG-4 (P value=0.0145, 0.0095, 0.0158; distance between SNPs and associated CpG site: 319kb, 297kb, 269kb respectively). Variations in these SNPs were associated with reduced methylation level. In addition, rs11070177(C>T) and rs1847663(A>G) were cis-meQTLs of CpG-2 and CpG-3 (P value=0.0201, 0.0275; distance between SNPs and associated CpG site: 323kb, 319kb), and methylation levels of CpG-2 and CpG-3 increased with the number of allelic mutations. LD analysis between these five meQTLs showed a low degree of LD (r 2<30%) (Figure 4). Association analysis between these five meQTLs and DR showed that none of these meQTLs were associated with DR in dominant, recessive and additive models (Table S4).




Figure 3 | Boxplots showing methylation level plotted against genotypes for five meQTLs: Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend to the 5th and 95th percentiles. (A) The association between genotype at rs11070177 and methylation level at CpG-2; (B) the association between genotype at rs1847663 and methylation level at CpG-3; (C–E) the association between genotypes at rs13329154, rs34973764, rs5812091 and methylation level at CpG-4.






Figure 4 | Linkage disequilibrium (LD) map among five meQTLs: LD r2(%) based on our study population are shown in the boxes.





Mediation effect

The indirect mediation routes of five meQTLs on DR through methylation of three CpG loci are shown in Table 4. In the five established mediation models, CpG-4 methylation significantly mediated the effect of the polymorphism rs34973764 on DR (B=0.0535, Boot 95%CI: 0.004~0.1336) (Table 4). Analysis of indirect effects showed that the variant allele of rs34973764 predicted hypomethylation levels at CpG-4 (a=-0.272, p value=0.009), and the incidence of DR increased with hypomethylation level at CpG-4 (b=-0.197, p value=0.0596) (Figure 5). Although the total and direct effect of rs34973764 on DR were not significant (total effect: c=-0.006, p value=0.973; direct effect: c’=-.0575, p value=0.7464), the indirect effect showed significant. Therefore, rs34973764 may act as a risk SNP for DR through CpG-4.




Figure 5 | Results of the mediation analysis: Indirect effect of rs34973764 on diabetic retinopathy through methylation of CpG-4 and total effect (regression coefficients). **p ≤.001.




Table 4 | The results of mediation analysis.





THBS1 mRNA expression

THBS1 mRNA expression in peripheral blood was significantly higher in DR patients than in DM patients (2-ΔΔCT median (percentile 25, 75): 3.67(1.41-8.03) vs. 1.00(0.53-1.33), p value=0.025). Comparison of THBS1 mRNA expression levels in the two groups is shown in Figure S1.




Discussion

In our study, the patients with DR showed significant hypomethylation of THBS1 compared to those with T2DM, and 6 out of 39 CpG sites showed hypomethylation. Moreover, 5 out of 13 SNPs were identified to be associated with three differentially methylated CpG loci of THBS1. CpG-4 methylation mediated the effect of rs34973764 on DR in the mediation analysis, providing data evidence that THBS1 methylation may be regulated by genetic variation in DR.

THBS1 is an endogenous molecule functioning as anti-angiogenesis and has been proven to regulate ocular vascular homeostasis (35). Numerous studies revealed the critical role of THBS1 in the onset and progression of DR, especially in its neovascularization and vascular abnormalities. In the differential expression analysis performed prior to this study, results showed that the mRNA expression of THBS1 in the fibrovascular membrane of DR patients was significantly up-regulated in both datasets (GSE94019 and GSE60436) (18, 19). This result has been confirmed in other studies. Bian et al. found that patients with DR exhibited significantly elevated serum THBS1 compared to patients with T2DM, patients with proliferative DR in particular showed the highest THBS1 (36). Wang et al. observed high expression of THBS1 in the retina of DR rats (37). Wu et al. identified that mice with THBS1 over-expressing in the lens showed attenuated retinal vascular development and impaired neovascularization (16). Hence, the expression of THBS1 is highly associated with the formation of new blood vessels, which may have a significant impact on the development of DR.

It is widely accepted that the expression of genes is affected by genetic regulation or epigenetic modification, which is adjustable and susceptible to environmental factors. So, it is imperative to figure out the association between the expression and epigenetic modification of THBS1 in DR. Given that DNA methylation is an important epigenetic modification that has been studied the most, our study focused on how DNA methylation affects expression in DR. In our research, the methylation level of THBS1 was significantly lower in the patients with DR compared to with DM. Besides, methylation levels of six CpG sites of THBS1 showed a significant difference between those two groups, and all of these sites showed decreased DNA methylation in cases with DR. Then we examined THBS1 mRNA expression levels in another recruited patients, and the results showed that the mRNA expression level of THBS1 in peripheral blood was significantly higher in DR patients than in DM patients. In addition, patients with DR are typically poor in glycemic control, as supported by our data. Studies confirmed that hyperglycemia can result in irreversible alterations in the activity of DNA methyltransferases and hydroxymethylase (38). Moreover, THBS1 expression was significantly increased in the high-glucose environment in keratinocytes and diabetic rat model, which was induced through DNA hypomethylation (39). Thus, we speculate that high glucose may have an impact on the THBS1 methylation via enzyme activity, resulting in alterations of THBS1 expression in DR. Since the existing research is restricted, additional research is necessary to clarify the mechanism of methylation and expression of THBS1 in DR.DNA methylation has been previously described to have a genetic basis, and numerous studies have investigated the relationship between DNA methylation and genetic variation throughout the genome to identify meQTLs (40). In our meQTL analysis, there were five cis-CpG-SNPs associations identified, including three THBS1 methylation loci and five SNPs. The rare allele of rs13329154, rs34973764, rs5812091 exhibited significantly decreased levels of CpG-4 methylation, while the rare allele of rs11070177 and rs1847663 exhibited significantly increased levels of CpG-2 and CpG-3 methylation respectively. Rs13329154, rs11070177 and rs1847663 are located in the noncoding region of C15orf54 gene, while rs34973764, rs5812091 have not been characterized. C15orf54 gene has not been well understood, and up-regulated expression of C15orf54 was first found to be associated with the risk of gastric cancer in a recent bioinformatics analysis (41). In addition, there is no association between these five meQTLs and DR in dominant, recessive and additive models in our research, and these five meQTLs have not been reported to be associated to any phenotypes or diseases in prior studies. Hence, more research is needed to determine how C15orf54 gene polymorphism affects THBS1 methylation in DR.

meQTLs are highly enriched in GWAS signals (42), implying that meQTLs are associated with an elevated risk of disease. Studies have shown that meQTLs may exert an influence on disease risk via altering DNA methylation (40). In the mediation study, CpG-4 methylation mediated the effect of rs34973764 on DR, which may be supporting evidence for genetic regulation of DNA methylation in DR. Although the total effect of rs34973764 on DR was not significant, rs34973764 had a significant indirect effect on the DR via the mediator of CpG-4 methylation. One possible explanation is that rs34973764 functions in DR via two or more additional mediation pathways, and those additional pathways operate oppositely from the CpG-4 methylation pathway. However, the function of rs34973764 and its impact on CPG-4 are not yet fully understood, so the underlying molecular processes of meQTLs are unknown. The most common explanation for the cis-meQTL effect is that SNPs at protein binding sites affect the function of sequence-specific binding proteins, such as transcription factors, and thus change the methylation pattern of adjacent CpGs (40). Future research combining SNPs, DNA methylation, and gene expression are needed to better understand the pathology of DR.

There are several limitations in our study. Firstly, DR is classified as either proliferative or non-proliferative (11), but in our study, we did not divide patients into those two categories. Therefore, we could not obtain dynamic changes in THBS1 methylation level as the disease progressed. Secondly, the SNPs we detected were not from genome-wide SNPs, but eQTLs related to THBS1, which represented only a small fraction of meQTLs of THBS1. Thirdly, the sample size was relatively insufficient, especially in the detection of THBS1 mRNA expression levels, hence case-control and cohort studies with larger sample size are needed to confirm these findings.

In conclusion, THBS1 overexpression is related to THBS1 hypomethylation in patients with DR. DNA methylation may be genetically controlled in DR.
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Diabetes is a global disease with huge impacts on patients due to its complications, among which non-healing wounds and depression are common and challenging. The neurokinin 1 receptor (NK1R) inhibitor, aprepitant has been broadly applied for an antidepressant effect in depressive patients. Recent literature has indicated a therapeutic effect of downregulation in NK1R to diabetes-related fracture, cardiomyopathy, gastroparesis, and ocular surface disorders. In this study, differential expression genes in diabetes and depression were analyzed based on several RNA sequencing datasets from the GEO database to confirm NK1R in the overlapping set. Interaction network and gene set enrichment analysis were subsequently conducted. As a result, NK1R-related genes took part in angiogenesis, epithelial-mesenchymal transition (EMT), collagen deposition, and inflammation in diabetes and depression. In vivo, the downregulation of NK1R was proved to promote vascular proliferation and enhance diabetic wound healing, which provides a potential therapeutic target for the management of diabetic non-healing wounds and depression.
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  Introduction

Diabetes mellitus (DM) is a worldwide health problem associated with severe complications that influence both the patient’s quality of life and survival (1). As one of the major categories, Type 1 DM (T1DM) exhibits hyperglycemia, significant microvascular injury and a chronic inflammatory response thus resulting in peripheral nerve damage and impaired wound healing, especially at sacrococcygeal region and extremities (2, 3). Moreover, patients with T1DM tend to develop psychiatric morbidity (4). It has been stated that more than thirty percent of patients with T1DM may be suffered from depression (5). Although the exact mechanism remains unclear, treatment with insulin cannot simply manage the aforementioned conundrums simultaneously.

Recent studies have demonstrated the key role of neurogenic inflammation (NI) caused by the secretion of the proinflammatory neuropeptides from peripheral neurons in diabetes and depression (6, 7). As the specific receptor of neuropeptide Substance P (SP), the neurokinin-1 receptor (NK1R) is found expressed on neurons, epithelial cells, fibroblasts, and immune cells, thus mediating NI and contributes to inflammatory diseases and psychosomatic disorders (8). Aprepitant, the NK1R antagonist which originally developed for the blockage of the SP-NK1R pathway, has been broadly proved effective and beneficial for varies of depressions by both fundamental researches and clinical trials (9–13). On the other hand, NK1R antagonist demonstrated potential therapeutic effects for diabetic fractures, gastroparesis, and ocular surface diseases (14–16).

Therapeutic targets of diabetes have been widely studied. However, potential effects of aprepitant in diabetic non-healing wound were still lack of investigation. In this study, we hypothesized that NK1R played a vital role through inflammation in the development of T1DM-related non-healing wounds and depression. Moreover, inhibition of NK1R activation and subsequent pro-inflammatory initiation would possess a therapeutic effect in diabetic non-healing wound. The GSE37450 and GSE198597 dataset were used to explore the potential therapeutic effect of aprepitant for T1DM-related non-healing wounds and depression, respectively.


 Materials and methods

 Data acquisition and processing

The RNA sequencing data of T1DM and depression were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). GSE37450 was used to analyze T1DM gene expression and GSE198597 was used to analyze depression gene expression.


 Differential expression analysis

After log2 transformation, we used R (version 4.1.2) to calculate the differential expression of spleen leukocytes between normal and NOD mice in GSE37450. We performed lmFit and eBays functions in the limma package for multiple linear regression and statistical tests to obtain the significance of each differential expressed gene. The same methods were applied to GSE198597 for differential expression of the hypothalamus between normal and depressed C57BL/6N mice.


 Enrichment analysis

We performed Gene set enrichment analysis (GSEA) using the GSEA software (GSEA version: 4.2.3) from Broad Institute (https://www.gsea-msigdb.org/gsea/index.jsp). We downloaded Gene Ontology gene sets containing BP, CC, and MF subsets as well as hallmark gene sets in the Molecular Signatures Database (MSigDB). The minimum number of the gene set was 5, and the maximum number of the gene set was 5000. After a thousand resampling, we obtained the related pathways and molecular mechanisms in MSigDB.


 Correlation and interaction analysis

Protein interaction data were derived from the STRING database (https://string-db.org). The interaction network was depicted in Cytoscape (version 3.4.1). Then, Pearson correlation analysis by the corr. test function of the psych package was performed for the NK1R-related genes in overlapped gene sets. In addition, the heatmaps of overlapped genes in each disease were obtained from a complex heatmap package.


 Animals

C57BL/6 mice (male, 6 weeks old) were supplied by ShengChang Biotech (Shanghai, China). All animal experiments were approved by the Animal Experimentation Ethics Committee of the School of Medicine, Shanghai Jiao Tong University. C57BL/6 mice were accommodated in a controlled habitat and provided with water and rodent food for 1 week to be familiarized with their habitat.


 Diabetes induction

After a week of adaptive feeding, C57BL/6 mice were singly intraperitoneally injected with streptozotocin (STZ, 150mg/kg, Sigma-Aldrich, S0130) in a freshly prepared citrate buffer (0.1 M, pH 4.5). In the next 5 days, the blood glucose was measured by a blood glucose monitor ( Supplementary Materials, Table S1 ). The mice that showed blood glucose concentrations above 16.7 mM were considered diabetic and used for further experimentation.


 Full-thickness wound model in diabetic mice

After diabetes induction, a total of 24 diabetic mice were anesthetized by intraperitoneal injection of 10% chloral hydrate (3.5 mL per 1 kg body weight). Before wound fabrication, the dorsal side of the mice was shaved, depilated, and disinfected. Then, an oval wound (about 6 mm in diameter) was created on the dorsum of the mouse. The NK-1R antagonist aprepitant (Med Chem Express, CAS No. 170729-80-3, 15uL/wound) was injected around the wounds immediately. The 24 mice were randomly divided into 4 groups: 0uM (PBS, control) group; 200uM-aprepitant group; 500uM-aprepitant group and 1000uM-aprepitant group. Treatments were performed every day until Day 15. Digital photographs were taken at day 0, 5, 10, and 15. A circular marker (6mm in diameter) was placed around the wound to standardize the measurements. ImageJ software was used to calculate the wound area of each photographic image. Besides, body weight was also established at day 0, 5, 10, and 15.


 Histological analysis

After 15 days, all remaining mice were sacrificed, and the surrounding tissues of wounds were obtained for histological analysis. The wounds were fixed with 4% paraformaldehyde for tissue fixation. After being dehydrated with a series of graded ethanol, the tissues were embedded in paraffin and cut into 5-μm-thick longitudinal section. Then, the sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome stain. The image was taken by a microscope (Nikon, Japan).


 Immunohistochemistry analysis

The expression of CD31 in wounds was examined using an anti-CD31 antibody (Abcam, ab28364) by a standard immunohistochemistry protocol. Dewaxed sections were incubated with primary anti-CD31 antibody (Abcam, ab28364) at a dilution of 1:300 for 1 h at room temperature and then incubated with goat anti-mouse immunoglobulin (HRP, Abcam, ab6789) secondary antibody for 30 min at room temperature. The image was taken by a microscope (Nikon, Japan).


 Quantitative RT-PCR analysis

After 15 days, all remaining mice were sacrificed, and the surrounding tissues of wounds were obtained for qRT-PCR. Wound skin tissues were stored in liquid nitrogen and total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s protocol. Then, 1 µg of total RNA was reverse transcribed into cDNA using the FastKing cDNA synthesis kit (Tiangen Biotech, China). qRT-PCR was performed with TB Green Premix (Takara, Japan). The mRNA expression levels of GAD1, ALDH1B1, FOXP2 were detected. PCR primers were designed based on sequences from the corresponding genes ( Supplementary Materials, Table S2 ). All data were normalized using GAPDH as the internal control by the Δ-CT method.


 Western blotting

Total proteins were extracted using RIPA lysis buffer containing phosphatase and protease inhibitors (Beyotime Biotechnology, China). The concentration of total protein was detected with a BCA Protein Assay kit (Beyotime Biotechnology, China). Equal amounts (20 µg) of protein were separated using 4–20% SDS-PAGE gels. The proteins were then transferred to nitrocellulose membranes (0.45µm; Millipore, USA). The membranes were blocked with 5% non-fat milk for 1 h at room temperature and incubated with primary antibodies ( Supplementary Materials, Table S3 ) overnight at 4°C. After washing, the membranes were incubated with goat anti-rabbit secondary antibodies ( Table S2 ). Finally, the membranes were visualized using the Odyssey CLx Infrared Imaging System (LI-COR Biosciences, Lincoln,Nebraska, USA). GAPDH and β-actin protein intensities were used as internal controls.


 Statistical analysis

Data analysis was performed using GraphPad Prism (9.0.0, America). Continuous variables are presented as the mean ( ± standard deviation, SD). One-way analysis of variance (ANOVA) was performed to compare the means of multiple groups, and if significant, a post hoc Tukey’s test was used to explore the pairwise differences between groups. P-values< 0.05 were considered statistically significant.



 Results

 1 NK1R was both up-regulated in T1DM and depression

By differential expression analysis of GSE37450, NK1R was found up-regulated in T1DM. Among all of the differentially expressed genes, NK1R belonged to the top-ranking sets. In hallmark gene sets, we found that differentially expressed genes in T1DM were significantly correlated with epithelial-mesenchymal transition (EMT), inflammatory response, myogenesis, apical junction, and angiogenesis ( Figure 1 ).

 

Figure 1 | (A) Volcano plot of differential expression analysis in GSE37450 dataset. (B) Rank of differentially expressed genes in GSE37450 dataset. (C)Heatmap of differential expression analysis in GSE37450 dataset. (D) Enrichment score and the rank in ordered dataset of GSEA hallmark gene sets in GSE37450 dataset. (E) The distribution of gene expression in significant hallmark gene sets in GSE37450. X axis represents log2(Fold Change) of enriched genes. 



In GSE198597, we found NK1R was significantly up-regulated in depression and belonged to the top-ranking sets as well. These differently expressed genes in depression were enriched in EMT, interferon response, bile acid metabolism, oxidative phosphorylation and angiogenesis, which was similar to the enrichment analysis of T1DM ( Figure 2 ).

 

Figure 2 | (A) Volcano plot of differential expression analysis in GSE198597 dataset. (B) Rank of differentially expressed genes in GSE198597 dataset. (C)Heatmap of differential expression analysis in GSE198597 dataset. (D) Enrichment score and the rank in ordered dataset of GSEA hallmark gene sets in GSE198597 dataset. (E) The distribution of gene expression in significant hallmark gene sets in GSE198597. X axis represents log2(Fold Change) of enriched genes. 




 2 The overlapped genes in T1DM and depression constructed an interaction network

After differential expression analysis of GSE37450 and GSE198597, we found 97 overlapped genes that are differently expressed in both datasets ( Figure 3A ). The interaction network of these overlapped genes from STRING was depicted, and NK1R-related genes (Gal, Gad1, Foxp2, Lhx9, and Aldh1b1) in the network were extracted ( Figures 3B, C ). Then, Pearson analysis was performed to show the correlation among NK1R-related genes ( Figures 3D, E ). In addition, we constructed a heatmap of overlapped genes in each disease to show the expression pattern respectively ( Figures 3F, G ).

 

Figure 3 | (A) Overlapped genes of differential expression analysis in both GSE37450 and GSE198597 dataset. (B) Interaction network of overlapped genes. (C) Interaction of NK1R-related genes in overlapped gene sets. (D) Pearson analysis of NK1R-related genes in overlapped gene sets in GSE37450 dataset. (E) Pearson analysis of NK1R-related genes in overlapped gene sets in GSE198597 dataset. (F) Heatmap of NK1R-related genes in overlapped gene sets in GSE37450 dataset. (G) Heatmap of NK1R-related genes in overlapped gene sets in GSE198597 dataset. 




 3 Enrichment analysis of overlapped genes

Furtherly, we performed GO enrichment analysis for overlapped genes. In the biological process, these genes were enriched in the regulation of cardiocyte differentiation, fat cell differentiation, and organ morphogenesis. In the cellular component, they were enriched in the adherens junction, basal plasma membrane, and extracellular matrix. As for molecule function, GDP binding, kinase binding, nuclear receptor activity, and transcription factor activity were found enriched by overlapped genes ( Figures 4A–C ). Then, we combined the expression matrix and GO enrichment analysis, constructing the interaction network between overlapped genes and GO terms ( Figures 4D–I ).

 

Figure 4 | (A–C) GO enrichment analysis of overlapped gene sets. (D–F) GO enrichment analysis of overlapped gene sets based on GSE37450 expression matrix. (G–I) GO enrichment analysis of overlapped gene sets based on GSE198597 expression matrix. 




 4 The NK-1R antagonist aprepitant promoted diabetic wound healing in vivo 

To explore the potential therapeutic effect of NK-1R antagonist aprepitant for clinical treatment, we established a full-thickness diabetic wound model and used PBS, 200uM aprepitant, 500uM aprepitant, 1000uM aprepitant to treat the diabetic mice ( Figure 5A ). The unclosed wound rate in mice treated with 1000uM aprepitant was the lowest in these different treated groups at days 0, 5, 10, and 15 post-wounding ( Figures 5B, C ). Moreover, the aprepitant-treated groups resulted in the recovery of body weights compared with controled group ( Figure 5D ). Besides, histological analyses were performed to investigate the wound repair efficiency in different treatment groups at day 15 post-operation. H&E staining analysis(5X,20X,40X) showed that 1000uM aprepitant-treated group exhibited the highest re-epithelialization rate among other groups ( Figure 5E ). We also observed the Masson staining analysis which demonstrated that the collagen deposition in the 1000uM aprepitant-treated group was significantly increased when compared to other groups ( Figure 5F ). CD31 is an indicator of blood vessels and very few blood vessels were observed in the wound tissues of the PBS group, while the treatment of 200uM, 500uM, and 1000uM groups improved vascular network formation ( Figure 5G ). Notably, the most CD31-positive blood vessels per field in CD31 immunostaining photographs (40X) was achieved in the 1000uM group ( Figure 5H ). On Day 15, we measured the mRNA level of GAD1, ALDH1B1, and FOXP2 in the wound skins. The results showed that the levels of GAD1, ALDH1B1, and FOXP2 in the 1000uM aprepitant group were reduced compared to the PBS, and 200uM groups ( Figure 5I ). The results of western blotting showed similar concentration-related trend as qRT-PCR ( Figure 5J ). These data indicated that aprepitant significantly accelerated diabetic wound healing by promoting wound re-epithelialization, collagen deposition and angiogenesis, with down-regulated GAD1, ALDH1B1, and FOXP2 expression in wounds.

 

Figure 5 | (A) Schematic timeline of diabetic wound formation and the following treatments. (B, C) Representative images and quantitative measurement of wounds on days 0, 5, 10, and 15 days. (D) Changes of body weights of mice after different treatments. (E, F) Representative H&E staining images and Masson staining images. (G, H) Representative CD31 immunostaining images after different treatments and the corresponding quantitative data of the CD31-positive blood vessels’ numbers from respective staining images (40X). (I) qRT-PCR analysis of relative ALDH1B1, FOXP2, and GAD1 levels in different treated groups. (J) Expression of ALDH1B1, FOXP2, and GAD1 levels in different treated groups detected by western blotting analysis. Scale bars: 500μm for 5X, 200μm for 20X, and 100μm for 40X. n=6, ns: no significant, *p <.05, **p <.01, ***p <.001, ****p <.0001. Data were presented as mean ± SD. One-way ANOVA with Tukey post-hoc test was used. 





 Discussion

It is commonly acknowledged that T1DM results from the inflammatory response, exhibiting microvascular injury and damage to peripheral nerves (17). As a critical mediator between neurons and inflammation, NK1R is responsible for the release of proinflammatory cytokines such as CCL4, CXCL2, MCP-1, CCL5, and IL-8, which recruit monocytes, macrophages, and lymphocytes thus leading to the pathogenesis of various inflammatory diseases (18). Neuroimmune interactions with macrophages controlled islet destruction, indicating the control of neuroimmune interactions may represent a new therapeutic target for T1DM (19). Recent reports showed that targeting NK1R was effective in several diabetes-related diseases. Carlin et al. (15) found that the application of NK1R antagonist, and tradipitant clinically improved the patients with diabetic gastroparesis. Jeong et al. (20) described the effects of selective NK1R antagonist RP-67580 in diabetic atria. Although there are studies illustrating the association between NK1R and diabetic complications, e.g., corneal wound healing, fracture, and limb ischemia, evidence-based insight into the exact mechanisms were still lacking (14, 21, 22). As diabetic non-healing wounds and depression are highly correlated with chronic inflammation while NK1R plays a central role in the development of inflammation via angiogenesis, we hypothesized NK1R as a potential therapeutic target for both diseases (23).

Based on the results of the bioinformatics analysis, differential gene expression showed that NK1R was significantly upregulated in diabetes and depression, indicating a key role of NK1R in both diseases. According to hallmark gene sets in GSEA, differently expressed genes in diabetes were enriched in EMT, inflammatory response, and angiogenesis, which was also found highly correlated with depression, indicating the potentially shared mechanisms between the two diseases. Then, we performed GO analysis on overlapped genes to clarify the enrichment relationship between diabetes and depression. The results showed that these genes were enriched in organ morphogenesis, fat cell and cardiocyte differentiation, adherens junction, basal plasma membrane, extracellular matrix, GDP and kinase binding, nuclear receptor activity as well as a transcription factor.

To further explore the key proteins related to NK1R which affected the development of diabetes and depression, we conducted PPI analysis and identified the five NK1R-related genes: aldehyde dehydrogenase 1B1 (ALDH1B1), forkhead box P2 (FOXP2), galanin (GAL), glutamate decarboxylase 1 (GAD1) and LIM homeobox 9 (LHX9). Among the five aforementioned genes, GAL has been broadly studied along with the NK1R in neurons and found to interact with life stresses thus mediating depression and anxiety (24–26). Moreover, GAL also regulated insulin release, which was associated with T1DM development (27). ALDH1B1 was found upregulated in the injured pancreas after streptozotocin paradigms and showed an association with diabetes (28, 29). Li T et al. revealed the relationship between FOXP2 and depression (30). As to LHX9, the hypothalamic marker has been proven highly correlated with FOXP2 in patients with depression (30–33). Combined with the enrichment analysis, we provoked the hypothesis that the GAD1, ALDH1B1, and FOXP2 genes functioned with NK1R in terms of angiogenesis, EMT, collagen deposition, and inflammation, while blockade of NK1R may be therapeutic not only for depression but also for the diabetic non-healing wound.

To further verify the hypothesis, C57BL/6 mice were generated as a murine model of a T1DM non-healing wound. Strikingly, we found that topically applied NK1R antagonist, aprepitant could promote the healing of the refractory diabetic wound in a concentration-related manner. qRT-PCR and western blotting were then used for the verification of selected related genes and proteins in the diabetic non-healing wound model. The mRNA level of GAD1, ALDH1B1 and FOXP2 was observed to downregulated in aprepitant-treated mice in a concentration-related and negatively-correlated manner. The expression of these proteins was proved to be downregulated with aprepitant and showed the same concentration-related manner as qRT-PCR. Versus the control group, the thickening epithelial layer and increased collagen deposition could be observed by H&E and Masson staining. CD31 immunohistochemistry showed that a high concentration of aprepitant could potentially increase neovascularization. These phenomenons provided compelling pieces of evidence that aprepitant could effectively promote the healing process of T1DM non-healing wounds through regulation of the aforementioned NK1R-related genes. The underlying mechanism is still controversial. Momen (34) contributed the aprepitant-related angiogenesis to MMP-2, MMP-9, VEGF, and VEGFR. On the other hand, regulation of EGFR, Akt, and SIRT1 by NK1R blockade was also considered beneficial in terms of re-epithelialization and collagen deposition (35–37).

To the best of our knowledge, our study was the first to utilize bioinformatics methods in detecting potential therapeutic targets in diabetic non-healing wound and depression. We explored the common mechanisms of the two diseases, analyzed roles of NK1R-related genes and verified the therapeutic effect of aprepitant. Although the related pathways and key molecules remain not entirely clear, our work provided promising evidences that blockage of the SP-NK1R pathway will downregulate the expression of ALDH1B1, FOXP2 and GAD1, which may be therapeutic for both diseases.

Besides, the neuroinflammation network plays an important role in both diseases, while NK1R could initiate neurogenic inflammation thus leading to neuronal damage (38–40). The release of inflammatory cytokines and the activation of CD8+ T cells contribute to pancreas injury, followed by vasodilation and increased permeability of the microvasculature caused by NK1R (2, 18). Consequently, rescuing the disrupted vascular endothelial cells and relieving neurogenic inflammation through the NK1R pathway stands as a promising therapeutic strategy. Our study also has some limitations. Due to lacking in feasible animal models with both diseases, further in vivo study for depression in T1DM mice is yet to be verified. Moreover, in-depth researches need to be carried out to reveal the underlying mechanisms and complex interplay between the two diseases.
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Type 2 diabetes mellitus (T2DM)-associated periodontitis is a common disease with high prevalence, associated with persistent infection and complicated manifestations. Calcitriol (1 alpha, 25-dihydroxyvitamin D3, 1,25D) is the active form of vitamin D that plays a protective role in immune regulation, bone metabolism, and inflammatory response. In this study, we constructed a T2DM model in rats by combining a high-fat diet with low-dose streptozotocin. The periodontitis model in rats was developed by ligation and Porphyromonas gingivalis (ATCC 33277) inoculation. Rats were randomly divided into five groups: non-diabetic blank, diabetic blank, diabetes with calcitriol treatment, diabetes with 3-methyladenine (3-MA) treatment, or diabetes with calcitriol and 3-MA treatment. The diabetic rats exhibited an intense inflammatory response and decreased autophagy compared with the non-diabetic rats. Intraperitoneal injection of calcitriol and autophagy inhibitor (3-MA) allowed us to explore the effect of calcitriol on inflammation in the gingival epithelium and the role of autophagy in this process. Treatment with calcitriol resulted in the decreased expression of NFκB-p65, p62/SQSTM1 and inflammatory response and increased expression of LC3-II/LC3-I. Application of 3-MA significantly suppressed autophagy, which was apparently retrieved by calcitriol. Antibacterial peptide (LL-37) is the only antimicrobial peptide in the cathelicidin family that is found in the human body, and it exhibits a broad spectrum of antibacterial activity and regulates the immune system. In the present study, our findings indicated that calcitriol-enhanced autophagy may attenuated periodontitis and the decrease of LL-37 was rescued by calcitriol treatment in the gingival epithelial cells of T2DM rats. Our study provides evidence for the application of calcitriol as an adjunctive treatment for T2DM-associated periodontitis.
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Introduction

Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia. It has the third highest health risk of disability and mortality after tumors and cardiovascular disease. Periodontitis is one of the most frequent complications of diabetes, especially type 2 diabetes mellitus (T2DM) (1). The clinical manifestations of periodontitis are periodontal inflammation and attachment loss (AL), which subsequently exacerbate alveolar bone resorption and tooth loss. The Global Burden of Diseases, Injuries, and Risk Factors Study 2017 (GBD 2017) estimated that severe periodontitis affects 11% of the global population (2, 3). The prevalence of periodontitis in diabetics is significantly higher than that in non-diabetics (17.3% vs 9%) (4). There is evidence that those with moderate-to-severe periodontitis have a significantly increased risk of incident T2DM (5). The impaired immune function of people with diabetes leads to impaired resistance against periodontal infection, which exacerbates alveolar bone loss and impairs tissue healing (6). Moreover, severe periodontitis aggravates insulin resistance, making achieving clinical stability in diabetes challenging (7). In summary, diabetics have intense clinical manifestations and poor therapeutic responsiveness. Therefore, it is essential to improve the clinical diagnosis and treatment efficacy of diabetes mellitus-associated periodontitis.

Vitamin D is an essential regulating hormone in the human body. It is converted into its active form, calcitriol (1 alpha, 25-dihydroxyvitamin D3, 1,25D), and circulates through the blood to target organs (8). Based on the effects of vitamin D on immune regulation, bone metabolism, and inflammatory response, the relationship between calcitriol and diabetes mellitus-associated periodontitis has been explored in several recent studies. Vitamin D deficiency increases the risk of periodontitis and the progressive destruction of periodontal tissues (9). Our previous and related studies reported that calcitriol can alleviate periodontal inflammation by inhibiting endogenous expression of IL-8 in human periodontal ligament cells (hPDLCs) and the expression of IL-8/IL-6 in hPDLCs induced by Phorphyromonas gingivalis lipopolysaccharide (10). Wang et al. (11) found that calcitriol attenuated experimental periodontitis through downregulation of TLR4 and JAK1/STAT3 signaling in diabetic mice. In human oral keratinocytes and a mouse model of T2DM, PTPN2 contributed to a decrease in periodontal inflammation via protein substrate dephosphorylation in the JAK1/STAT3 signaling pathway after calcitriol treatment (12). However, it remains unclear whether there are other mechanism involved in vitamin D-induced alleviation of periodontitis in T2DM. Thorough investigation of calcitriol and its involvement in inhibiting inflammation may help improve the treatment of diabetes mellitus-associated periodontitis.

Autophagy is a physiological process by which cells phagocytize their organelles or cytoplasm and degrade the cargo in lysosomes (13). It is a self-protective cellular catabolic pathway that is essential for cellular homeostasis, immune defense, and stress response (14). Autophagy plays an important role in the development of periodontitis. Increased expression of autophagy-related protein was found in PDLCs from individuals with periodontitis compared with healthy individuals (15). Park et al. (16) found that THP-1-derived macrophages eliminated P. gingivalis and restricted excessive inflammatory response by activating an autophagic response. Moreover, increased autophagy induced osteoclastogenesis and stimulated osteoclast-mediated bone resorption. However, the role of autophagy in periodontitis and its related mechanisms remain unclear.

Vitamin D can regulate the inflammatory response by promoting autophagy in various tissues. A study found that active vitamin D activated chondrocyte autophagy to reduce osteoarthritis (17). Wei et al. (18) discovered that vitamin D protected against myocardial damage, inflammation, and apoptosis by promoting autophagy. In addition, vitamin D has potential renoprotective effects in diabetic nephropathy via downregulation of mTOR gene expression, stimulation of autophagy, and antioxidant, anti-inflammatory, and hypotensive effects (19). In our previous study, we found that calcitriol significantly decreased the number of live P. gingivalis internalized into epithelial cells, monocytes, and macrophages by promoting autophagy (20, 21). Human cationic antimicrobial peptide 18 (hCAP18) is the only antimicrobial peptide in the cathelicidin family found in the human body. LL-37 is expressed in salivary glands, oral mucosa, and oral immune cells (22). We have previously found that LL-37 reduced the quantity of live P. gingivalis internalized into HaCaT cells by promoting autophagy, and a potential molecular pathway of LL-37-induced autophagy was indicated (23). However, the role of autophagy in the regulation of periodontal inflammatory response treated with vitamin D in diabetes mellitus-associated periodontitis remains unclear.

Our previous study found that the calcitriol treatment may inhibit the number of live P. gingivalis in KB cells and U-937 cells by promoting autophagy. But the effect of calcitriol on the inflammatory responses of gingival tissues with T2DM-associated periodontitis has been rarely studied, and the role of autophagy during the inflammatory process is still unclear. In this study, the model of experimental T2DM with periodontitis in rats was employed to investigate the effect of calcitriol treatment on the regulation of inflammation in the gingival tissues, especially in the epithelial cells. In addition, we also explored the possible roles of autophagy and LL-37 during the process so as to provide further evidence for relevant mechanisms.



Materials and methods


Animals, bacterial strains, and grouping

Twenty male Sprague-Dawley rats (7 weeks old) were purchased from Beijing Vital River (Beijing, China). All rats were given free access to food and tap water and were caged on an auto-cycling 12-h light and 12-h dark cycle under specific pathogen-free conditions. The P. gingivalis ATCC 33277 strain, which is the most common putative pathogen involved in periodontitis, was originally obtained from the American Tissue Culture Collection (Maryland, USA) and stored at the Department of Oral Biology at China Medical University.

Rats were randomly divided into five groups: non-diabetic blank, diabetic blank, diabetes with calcitriol treatment, diabetes with 3-methyladenine (3-MA) treatment, or diabetes with calcitriol and 3-MA treatment. All experimental procedures were approved by the Animal Ethics Committee of China Medical University (KT2019040).



High-fat diet/streptozotocin-induced experimental type 2 diabetes model in rats

The rats in the diabetic groups consumed high-fat diet (HFD, HD001, 60% calories from fat) for 30 days. Then, they were fasted overnight before receiving intraperitoneal injection of a low dose of streptozotocin (STZ) (35 mg/kg), according to Srinivasan et al. (24) Three days after injection, random blood glucose (RBG) measurement was performed. The model was considered successful if the RBG was not less than 16.7 mmol/L.



Ligation/P. gingivalis-induced experimental periodontitis model in rats

The P. gingivalis ATCC 33277 strain was maintained anaerobically at 37°C on brain-heart infusion (BHI) solid medium (containing 5% sterilized and defibrinated sheep blood, 0.5% hemin, and 0.1% vitamin K). Then P. gingivalis was cultured in a liquid BHI medium for 16–18 h. After the type 2 diabetes model was established, 5-0 silk ligatures were ligated firmly and sub-gingivally around the left maxillary first molar to facilitate bacterial colonization; the right side was the self-control. Then, they were infected with 109 colony-forming units of live bacteria inoculated into the gingival sulci by a syringe three times at 2 days.



Calcitriol treatment and autophagy blocking

After the rat model was established, intraperitoneal injection of blank solvent (propylene glycol:water:ethyl glycol = 60:30:10), calcitriol solvent (2 µg/kg, Sigma, St. Louis, MO, USA), 3-MA solvent (15 mg/kg, Selleck, Texas, USA), and calcitriol + 3-MA solvent was performed for 1 week. All rats were sacrificed for subsequent experiments.



Micro-computed tomography and histological analysis

After stripping the attached gingival tissue, all maxillary teeth and alveolar bone fixed in 4% paraformaldehyde were subjected to scanning by a micro-computed tomography system.

The gingival samples were fixed with 4% paraformaldehyde for 24–48 hours, embedded, and sliced. The slices were prepared for hematoxylin and eosin (H&E) staining.



Immunohistochemical analysis

After being deparaffinized, rehydrated, and antigen retrieved, the sample slices were quenched with endogenous peroxidase and blocked. Then, sample slices were incubated with primary antibody overnight, including nuclear transcription factor-kappa B p65 (NFκB-p65, Immunoway, China, YT3107,1:200), microtubule-associated proteins 1A/1B light chain 3B (LC3B, Proteintech, China, 14600-1, 1:500), and antibacterial peptide LL-37 (LL-37, Cohesion Biosciences, England, CQA1065, 1:200). On the next day, the processes of secondary antibody binding, DAB, hematoxylin re-staining, dehydration, transparency, and sealing were performed to complete immunohistochemistry.



Western blot analysis

The gingival tissue was lysed with a RIPA lysis buffer supplemented with 1 mM PMSF. Then, samples were centrifuged at 12,000 rpm at 4 °C for 15 min in three freezing-melting cycles. Equal amounts of protein samples were separated by SDS-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane by electro-blotting. The membranes were blocked with 5% BSA dissolved in Tris-buffered saline containing Tween (TBST), then incubated with primary antibodies at 4 °C overnight, including LC3B (1:1000), p62/SQSTM1 (GeneTex, America, GTX636328, 1:2000), NFκB-p65 (1:1000), GAPDH (Proteintech, China, 10494-1, 1:2000) and LL-37 (1:1000) at 4 °C. Membranes were incubated with a secondary antibody (Abbkine, America, A23220, 1:1000) in the dark for 1 h at 37 °C. Images were obtained using the Infrared Fluorescence Scanning Imaging System (Odyssey CLx, LI-COR, USA).



Statistical analysis

All the experiments were conducted in triplicate. The data are presented as mean ± standard deviation (SD). The differences between two groups were assessed by unpaired t test, and differences among three or more groups were analyzed by one-way analysis of variance (ANOVA) using SPSS 22.0 (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.




Results


Establishment of the experimental type 2 diabetes model in rats

As shown in the flow chart of operating processes (Figure 1A), we combined a high-fat diet (HFD) and low dose of STZ to develop an experimental type 2 diabetes model in rats. After HFD and injection of STZ, the random blood glucose (RBG) of rats in our study ranged from 20.9 mmol/L to 28.2 mmol/L (Figure 1B). The RBG was not less than 16.7 mmol/L in diabetic rats, which indicated a successful model. The body weight of all rats was measured for 8 weeks. Body weight gradually increased for 4 weeks, and the rats exhibited a stable or slight decrease in body weight after intraperitoneal injection of STZ (Figure 1C). The changes in RBG and body weight in this study indicated the establishment of the experimental type 2 diabetes model in the rats.




Figure 1 | Establishment of the experimental type 2 diabetic model in rats. (A) The flow chart of the experimental design. HFD, High-Fat Diet; STZ, streptozotocin (35 mg/kg); HE, hematoxylin and eosin; IHC, immunohistochemical. (B) The random blood glucose (RBG) of the rats were measured. (C) Body weight of the diabetic rats were measured. The data were presented as the mean ± SD (n=4/group, **P <0.01, compared with 7 week).





Establishment of the experimental periodontitis model in rats

The maxillary bone samples were obtained after sacrifice. The inflammatory responses were observed in the gross specimen and via H&E staining of samples obtained individually from the control group and the periodontitis group (Figure 2A, B). As shown in the gross specimen (Figure 2A a; Figure 2B e), the distance from the cemento-enamel junction (CEJ) to the alveolar bone crest in the periodontitis group was remarkably longer than in the control group, indicating that alveolar bone resorption had occurred. Compared with H&E staining of gingival tissue from the control group, the location of the junctional epithelium in the periodontitis group, from CEJ to root, indicated AL (Figure 2A b, c; Figure 2B f, g). Moreover, more inflammatory cells and more severe vasodilatation was observed in the gingival tissue from the periodontitis group than the control group (Figure 2A d; Figure 2B h). The occurrence of AL, inflammatory cell infiltration, and severe vasodilatation indicated the establishment of the experimental periodontitis model in rats.




Figure 2 | Establishment of the experimental periodontitis model in rats. (A, B) The figures presented the gross specimens and sections obtained individually from the control group and the periodontitis group. (a, e): As shown in the gross specimen, the distance from the cemento-enamel junction (CEJ) to the alveolar bone crest in the periodontitis group was remarkably longer than that in the control group, that is alveolar bone resorption occurred. (b, c): As shown in the section from the control group with hematoxylin and eosin (HE) staining, the junctional epithelium is located at the CEJ site. (f, g): The section from the periodontitis group shows that the junctional epithelium was located on the root, that is attachment loss (AL) occurred. (d, h): Compared with that from the control group, more inflammatory cells and more severe vasodilatation was observed in the gingival tissue from the periodontitis group. The black arrows in (d, h) indicates the inflammatory cell (especially neutrophile) infiltration. The red arrows in (h) indicates vasodilatation. M1, the maxillary first molar; M2, the maxillary second molar.





Diabetic rats with periodontitis showed more severe alveolar bone loss and intense gingival inflammatory response than non-diabetic rats

We performed Micro-CT of the maxillary bone and H&E staining of gingival tissues from non-DM control group (health control without T2DM and periodontitis), non-DM periodontitis group (ligation/P. gingivalis- induced periodontitis but without T2DM), DM control group (high-fat diet and low dose of streptozotocin-induced T2DM but without periodontitis), and DM periodontitis group (combination periodontitis and T2DM) to explore the different inflammatory response in four groups. The overall morphology, as a reconstructed 3D model, exhibited a significantly higher degree of bone loss in diabetic rats than in non-diabetic rats (Figure 3A, B). H&E staining revealed epithelial rete peg elongation, inflammatory cell infiltration, disordered arrangement of subepithelial fibers, and vascular reaction in rats with diabetes mellitus-associated periodontitis (Figure 3C). The above data indicated that the diabetic rats with periodontitis showed more alveolar bone loss and intense gingival inflammatory responses.




Figure 3 | Diabetic rats with periodontitis showed more severe alveolar bone loss and intense gingival inflammatory response than non-diabetic rats. The figures present the micro-CT images and sections obtained individually from the non-DM control group, non-DM periodontitis group, DM control group and the DM periodontitis group. Non-DM control group, health control without type 2 diabetes mellitus (T2DM) and periodontitis; non-DM periodontitis group, ligation/P. gingivalis-induced periodontitis but without T2DM; DM control group, high-fat diet and low dose of streptozotocin-induced T2DM but without periodontitis; DM periodontitis group, combination periodontitis and T2DM. (A) Micro-computed tomography images of the maxillary first molars from (a-d). The distance between two red lines, cemento-enamel junction (CEJ) and the alveolar bone crest, represents the alveolar bone resorption (e-h). (B) Statistical analysis of the alveolar bone loss. Data are presented as mean ± SD (n=4) and are shown in the bar graphs, repeated 3 times (**P <0.01, compared with the control group or the non- DM group). (C) Hematoxylin and eosin staining of sections (i-p).





Autophagy in gingival epithelium was attenuated in diabetic rats

Autophagy is usually assessed by detecting changes in LC3, LC3-II/LC3-I ratio and p62. The expression of LC3, LC3-II/LC3-I ratio and p62 in gingival epithelium of non-DM control group, non-DM periodontitis group, DM control group and DM periodontitis group were detected by immunohistochemical (IHC) and western blot. IHC staining showed the significantly decreasing expression of LC3 and western blot revealed the significantly decreasing expression of LC3 and LC3-II/LC3-I ratio and the increasing expression of p62 in the diabetic rats (Figure 4). The results indicated a marked decrease of autophagy in the diabetic gingival tissues, especially in the epithelial cells. Besides, autophagy was promoted in gingival tissues with periodontitis both in non-diabetic and diabetic rats.




Figure 4 | Autophagy in gingival epithelium was attenuated in diabetic rats. The expression of autophagy-related protein of gingival epithelium in non-DM control group, non-DM periodontitis group, DM control group and the DM periodontitis group were detected. Non-DM control group, health control without type 2 diabetes mellitus (T2DM) and periodontitis; non-DM periodontitis group, ligation/P. gingivalis-induced periodontitis but without T2DM; DM control group, high-fat diet and low dose of streptozotocin-induced T2DM but without periodontitis; DM periodontitis group, combination periodontitis and T2DM. (A) Immunohistochemical (IHC) staining and semi-quantitative analysis of the expression of LC3 in the gingival epithelium of the four groups (a-e). (B) Western Blot reveals the expression of LC3 and p62 in four groups (f-h). All data are presented as mean ± SD (n = 3) relative to non- DM control are shown in bar graphs (*P <0.05, **P <0.01).





Calcitriol attenuated the gingival epithelium inflammatory responses in diabetic rats by promoting autophagy

To study the intrinsic mechanism underlying autophagy, the diabetic rats with periodontitis were randomly divided into blank group (propylene glycol: water: ethyl glycol=60:30:10), calcitriol group (2 µg/kg), 3-MA group (15 mg/kg) and calcitriol + 3-MA group. After intraperitoneal injections for 1 week, we harvested the gingival tissues following sacrifice of the rats. IHC staining was performed to evaluate the expression of inflammatory response-related proteins (NFκB-p65) and autophagy- related proteins (LC3) in the gingival epithelium (Figure 5A). Western blot was performed to detect the expression of LC3, LC3-II/LC3-I, p62 and NFκB-p65 (Figure 5C). HE staining was performed to observe the inflammatory response in the subepithelial fiber (Figure 5B). We observed that the expression of NFκB-p65 and p62 was alleviated by treatment with calcitriol (Figure 5A f-j; Figure 5C o, p, r). Furthermore, the expression of LC3 and LC3-II/LC3-I ratio were significantly elevated (Figure 5A a-e; Figure 5C o, q). Following intraperitoneal injection of 3-MA, the level of LC3 and LC3-II/LC3-I ratio were decreased (Figure 5A a-e; Figure 5C o, q), the expression of p62 and NFκB-p65 were increased (Figure 5A f-j; Figure 5C o, p,r), indicating marked suppression of autophagy. Autophagy suppression of 3-MA was apparently retrieved by calcitriol.




Figure 5 | Calcitriol attenuated the gingival epithelium inflammatory response in diabetic rats by promoting autophagy. The diabetic rats with periodontitis were randomly divided into blank group (propylene glycol: water: ethyl glycol=60:30:10), calcitriol group (2 µg/kg), 3-MA group (15 mg/kg) and calcitriol + 3-MA group. They received intraperitoneal injections for 1 week. (A) The expression of LC3 (a-e) and NFκB-p65 (f-j) in the gingival epithelium of the four groups were detected by IHC staining. (B) HE staining showed the inflammatory response in the subepithelial fiber of the four groups (k-n). (C) The expression of NFκB-p65, LC3-II/LC3-I and p62 in the gingival epithelium of the four groups were detected by western-blot (o-r). Semi-quantitative analysis of IHC and western-blot were performed by gray density analysis. All data are presented as mean ± SD (n = 3) relative to blank group are shown in bar graphs (*P <0.05, **P <0.01).





Decrease of LL-37 in the gingival epithelial cells of T2DM rats, which was rescued by calcitriol treatment

Based on our previous study on LL-37-induced autophagy, we further detected the expression of LL-37 in diabetics. IHC staining was performed to assess the expression of LL-37 in the gingival epithelium of non-DM control group, non-DM periodontitis group, DM control group and DM periodontitis group (Figure 6A). We observed a lower expression of LL-37 in the diabetic rats compared with non-diabetic rats and LL-37 was promoted in gingival tissues with periodontitis both in non-diabetic and diabetic rats (Figure 6A a-h; Figure 6C r).




Figure 6 | Decrease of LL-37 in the gingival epithelial cells of T2DM rats, which was rescued by calcitriol treatment. (A) IHC staining of the gingival epithelium obtained individually from the non-DM control group, non-DM periodontitis group, DM control group and the DM periodontitis group (a-h, r). Non-DM control group, health control without type 2 diabetes mellitus (T2DM) and periodontitis; non-DM periodontitis group, ligation/P. gingivalis-induced periodontitis but without T2DM; DM control group, high-fat diet and low dose of streptozotocin-induced T2DM but without periodontitis; DM periodontitis group, combination periodontitis and T2DM. (B) IHC staining of the LL-37 expression in the gingival epithelium of different groups (i-p, s). The diabetic rats with periodontitis were randomly divided into blank group (propylene glycol: water: ethyl glycol=60:30:10), calcitriol group (2 µg/kg), 3-MA group (15 mg/kg) and calcitriol + 3-MA group. (C) Western Blot reveals the expression of LL-37 in four groups (q) analysis of the LL-37 expression in the gingival epithelium (t). All data are presented as mean ± SD (n = 3) relative to non-DM and blank group are shown in bar graphs (*P <0.05, **P <0.01, compared with the blank group).



We further explored the role of LL-37 in calcitriol-enhanced autophagy in diabetics rats with periodontitis, which randomly divided into blank group, calcitriol group, 3-MA group and calcitriol + 3-MA group (Figure 6B, C). We observed that the expression of LL-37 was increased by treatment with calcitriol (Figure 6B j, n; Figure 6C q, s, t). In contrast, LL-37 expression decreased following intraperitoneal injection of 3-MA (Figure 6B k, o; Figure 6C q, s, t ). LL-37-mediated suppression of 3-MA was apparently retrieved by calcitriol treatment (Figure 6B l, p; Figure 6C q, s, t).




Discussion

Autophagy plays an important role in maintaining general homeostasis, but the specific function and mechanism of autophagy in T2DM-associated periodontitis is not clear. In our study, we employed rats with T2DM and periodontitis to explore the effect of calcitriol on the regulation of periodontal inflammation and the role of autophagy in this process. We found the defective autophagy and increased inflammation in the gingival tissues, especially in the epithelial cells of T2DM rats than non-diabetic rats. Additionally, calcitriol attenuated the gingival inflammatory responses in diabetic rats by promoting autophagy and LL-37 may be involved in this process.

Previous studies have demonstrated elevated inflammation in diabetic rats, which was confirmed by our study. The accumulation of ubiquitinated proteins in islet β cells (25, 26) and advanced glycation end product (AGE)-induced ROS (27, 28) cause the increasing inflammation. In the T2DM rats induced by HFD for 4-6 weeks combined with STZ injection (30-35 mg/kg), higher level of serum glucose and homeostatic model assessment-insulin resistance (HOMA-IR) were observed (29–31). However, the high-dose STZ (>50 mg/kg) injection can induce type 1 diabetes according the studies (32–34). In our experiment, we used HFD combined low-dose STZ (35 mg/kg) injection to establish T2DM rats, which is frequently used (24, 29–31). After HFD + STZ injection, the RBG of rats in our study ranged from 20.9 mmol/L to 28.2 mmol/L. The periodontitis model was established by ligation and P. gingivalis inoculation. Accumulation of plaque around the ligature and persistent infection with P. gingivalis can cause inflammatory infiltration, which leads to the destruction of periodontal tissues (35). Micro-CT and H&E staining revealed alveolar bone loss and inflammatory cell infiltration, which indicated a successful periodontitis model. IHC staining revealed the increased expression of NFκB-p65 in diabetic rats. NFκB-p65 is closely related to the expression of various pro-inflammatory mediators (36). Therefore, in this study, the experimental model established in rats with T2DM and periodontitis was successful and reliable.

This study revealed that the periodontitis condition induced a more severe inflammatory response in the gingival epithelium of diabetic rats than non-diabetic rats. Moreover, blocking of autophagy further aggravated the inflammation. Moderate autophagy plays a crucial role in general homeostasis by phagocytizing and degrading cargo (37). In our study, autophagy was interrupted with 3-MA. Consequently, we observed a decreased expression of autophagy flux, while the inflammatory response increased significantly. These data indicated that autophagy in the gingival epithelium of diabetic rats may decrease, which may weaken the degradation of inflammatory factors and in turn aggregate the periodontal inflammatory process.

In addition, this study revealed low expression of autophagy in the gingival epithelium of diabetic rats, which is rarely reported. The synthesis and processing of LC3 is increased during autophagy, making it a key readout of autophagy levels in cells (38). p62/SQSTM1 serves as an essential adaptor to identify and deliver specific organelles and protein aggregates to autophagosome for degradation (39). The detection of p62 turnover assay is reliable for autophagy flux assay (38). It has been reported that autophagy may play a protective role by clearing the aggregates of ubiquitinated proteins resulting from hyperglycemia in insulin-expressing β cells (25). Bachar- Wikstrom et al. (26) reported that large aggregates of autophagy and increased expression of LC3 was observed in pancreatic β cells of diabetic rats. High glucose was found to increase protein oxidation and trigger autophagy in MC3T3-E1 cells (40). In contrast, the expression of autophagic hallmarks (Beclin-1 and LC3), and numbers of autophagolysosomes was decreasing, and the expression of p62 was increasing in the diabetic hearts (41). The results of our study showed decreased expression of LC3-II/LC3-I and increased expression of p62 via IHC and western blot analysis, which indicated the insufficient autophagy in the gingival tissues of diabetic rats. However, the relevant mechanism should be explored further in the future.

Vitamin D can decrease the level of inflammation in diabetics (11, 12). However, the role of autophagy in the above process has not been reported. The present study revealed increasing autophagy and decreasing inflammation in rats gingival tissues treated with calcitriol, especially in the gingival epithelium. Meanwhile, calcitriol could attenuate the upregulation of NFκB-p65 and inflammatory response caused by autophagy inhibitor in our study. Similarly, vitamin D can protect against osteoarthritis, myocardial damage, and diabetic nephropathy by promoting autophagy (17–19). Vitamin D has been shown to increase the expression of LC3 and Beclin-1, suppress apoptosis, and alleviate insulitis in pancreatic β cells of diabetic mice (42). Therefore, we hypothesized that calcitriol may decrease periodontal inflammation by promoting autophagy and degrading inflammatory factors.

Our previous study indicated that LL-37 might promote autophagy of keratinocytes to reduce the quantities of live P. gingivalis (23). The results of this study revealed that expression of LL-37 was lower in the gingival epithelium of rats with T2DM compared with rats without T2DM, but LL-37 was promoted in gingival tissues with periodontitis both in non-diabetic and diabetic rats.

Turkoglu et al. (43) reported the increased levels of GCF LL-37 in patients with periodontitis. Furthermore, we found that calcitriol promoted LL-37 expression while increasing autophagy. Wang et al. (44) demonstrated that vitamin D played an important role in antimicrobial cutaneous immunity when identifying a vitamin D response element (VDRE) in the promoter region of the cathelicidin LL-37 gene. Soon thereafter, other groups confirmed that cathelicidin constituted a direct target of vitamin D in keratinocytes (45). Yuk et al. (46) indicated that calcitriol induced autophagy in human monocytes via LL-37, which activated transcription of Beclin-1 and Atg5. Nilsson et al. (47) reported that LL-37 antagonize pro-inflammatory cytokines produced by lipopolysaccharide- stimulated PDL cells, so we speculated the reducing of LL-37 after the application of 3-MA may be due to the consuming of LL-37 to neutralize excessive inflammatory factors in our study. In the present study, the decrease of LL-37 may be the specific manifestation in the gingival tissues with the severe periodontal inflammatory response induced by T2DM. Furthermore, calcitriol may promote the expression of LL-37 to take part in the inflammatory response of periodontitis in T2DM rats. However, the possible mechanism on the above process have not been clarified and need further study.

In conclusion, our findings provided evidence that calcitriol-enhanced autophagy positively attenuates periodontal inflammation and the decrease of LL-37 was rescued by calcitriol treatment in the gingival epithelial cells of T2DM rats (Figure 7). We will continue to study potential mechanisms to provide evidence for the application of calcitriol as an adjunctive treatment for T2DM-associated periodontitis.




Figure 7 | Mechanism schema diagram.
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Classification Mechanism of Pyroptosis Inhibition References

Glyburide NLRP3/caspase-1/IL-1B/IL-18/ASC (92)
Bacillus subtilis (WB80ON) NLRP3/caspase-1/IL-1B/IL-37/TLR2/ASC (93)
Perforin-2 AIM2/GSDMD/IL-1B/ASC (94)
Bletilla striata polysaccharide NLRP3/IL-1B/TNF-0/ROS (95)
Paeoniflorin NLRP3/caspase-1/IL-1B/IL-18/ TNF-0/ASC (96)
Heparan sulfate NLRP3/IL-1B/IL-18/TNF-0./ASC 97)

NLRP3, NOD-like receptor family pyrin domain containing 3; AIM2, Absent in melanoma 2; ASC, CARD-containing apoptosis-associated speck-like protein; IL-1B, interleukin-1beta; IL-
18, interleukin-18; IL-37, interleukin-37; TLR2, Toll-like receptor-2; GSDMD, gasdermin D; TNF-o,, Tumour Necrosis Factor alpha; ROS, reactive oxygen species.
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Homo sapiens  AWSKDINAYNCEEPTEKLPFPIIDDRNRELAILLGMLDPAEKDEKGMPVTARVVFVFGPDKKLKLSILYPATTGRNFDEI
LRVVISLQLTAEKRVATPVDWKDGDSVMVLPTIPEEEAKKLFPKGVFTKELPSGKKYLRYTPQP

MPGLLLGEIFPDFEADTTIGRIKFHEFLGGSWGVLFSHPRDYTPVCTTELGRCVKLAPEFKKRNVRMIALSIDSVEDHLG

Xenopus tropicalis WSKDINSYNCDEPTETLPFPIIADPKRDLAVKLGMLDPDEKDMQGMPVTARCVFIIGPDKKMKLSILYPATTGRNFDEIL
RVVDSLQLTAVHNVATPVDWKPGDRVMVPPNVPEEEASKLYPSGVFNKALPSRKNYLRYTAHPQ

MPGGLLLGDEAPNFEANTTIGRIRFHDFLGDSWGILFSHPRDFTPVCTTELGRAAKLAPEFAKRNVKLIALSIDSVEDHL
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AAAMPGGLLLGDEAPNFEANTTIGRIRFHDFLGDSWGILFSHPRDFTPVCTTELGRAAKLAPEFAKRNVKLIALSVDSVE
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CpG-1
CpG-2
CpG-3
CpG-4
CpG-5
CpG-6
THBSI1

Chromosome 15 position(hg38)

39580843
39580809
39580741
39580731
39581083
39581002
39581078-39599466

Distance to TSS*

-235
-269
-337
-347

-76

Menthylation Level, %

Cases

1.5140 + 1.0131
1.6157 + 1.0592
23637 + 1.2478
1.5805 + 1.0157
1.0382 + 0.6342
5.2338 + 0.9362
1.8701 + 0.2300

Controls

1.8454 + 1.1113
1.9062 + 1.4094
2.6636 + 1.3417
1.8695 + 1.3641
1.1875 + 0.6098
5.6450 £ 1.1914
1.9704 + 0.2923

OR (95%CI)

0.733 (0.581-0.926)
0.823 (0.678-0.999)
0.834 (0.697-0.999)
0.812 (0.663-0.993)
0.678 (0.468-0.982)
0.687 (0.545-0.866)
0.191 (0.069-0.532)

*The distance of the site to the transcription start site on the reference genome, with a minus sign indicating that the site is upstream of the transcription start site.

P-value

0.009
0.049
0.048
0.042
0.040
0.002
0.002
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Indirect effect

rs11070177  —
rs1847663 —
rs13329154  —
rs34973764* —
rs5812091 —
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CpG-3
CpG-4
CpG-4
CpG-4

DR
DR
DR
DR
DR

B

-0.0488
-0.0438
-0.0547
0.0535
0.0635

BootSE

0.0328
0.0322
0.0433
0.0349
0.0453

Boot 95%CI

-0.1254~0.0003
-0.1180~0.0092
-0.1586~0.004
0.0004~0.1336
-0.0047~0.1727

*Bootstrap 95% confidence interval of the indirect effect does not include zero.
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Age,years
Female,n(%)
BMLkg/m’
Diabetic duration,years
Hypertension,n(%)
Smoking,n(%)
Drinking,n(%)
HbA1c,%
FPG,mmol/L
UREA,mmol/L
Cr,umol/L
TG,mmol/L
TC,mmol/L
LDL-C,mmol/L
HDL-C,mmol/L

Cases(n=150)

56.63 + 9.29
55(36.7)
24.61 + 3.04
8.00(4.00,13.00)
73(48.7)
40(26.7)
52(34.7)
7.10(6.13,8.50)
8.35(6.70,10.80)
5.30(4.43,6.55)
71.80(57.10,85.10)
1.58(1.13,2.25)
533+ 134
3.62 + 092
1.28 £ 0.29

Controls(n=150)

56.69 + 9.07
55(36.7)
24.86 + 3.11
9.00(4.50,12,5)
79(42.7)
35(23.3)
45(30.0)
6.60(5.80,7.30)
6.90(5.85,8.65)
4.90(4.20,5.90)
72.30(58.65,88.10)
1.54(1.03,2.30)
495 + 1.17
333 +0.87
1.24 £0.27

P value

0.955
1
0.502
0.593
0.564
0.594
0.459
0.002
<0.001
0.021
0.542
0.489
0.008
0.009
0.226

HbAlc, Glycosylated hemoglobin; FPG, fasting blood glucose; UREA, urea; Cr, creatinine; TG, triglycerides; TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; HDL-C, high-

density lipoprotein cholesterol.
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Gene ID

NR_015554.2
XR_382492.3
XR_382493.3
XR_382494.3
XR_873495.2
XR_388840.1
XR_876705.2

Gene symbol

AI506816
2010203P06Rik
2010203P06Rik
2010203P06Rik
2010203P06Rik

Gm35001

Gm22146

Log?2 (told change)

CR-DN

-5.535820015
2.788783699
2.654227803
3.538211533
2.755958903
2.637250895
-1.909626787

CR, Control group; DN, diabetic nephropathy group; DG, Dapagliflozin group.

DN-DG

4.037966831
-1.375859426
-1.546562094
-1.32722677
-1.368824543
-2.18855647
1.677984089

CR-DN

1.10E-06
0.000886101
0.001974919
0.000306679
0.00120733
0.018245622
0.03972669

P-Value

DN-DG

0.004185984
0.027335057
0.02068988
0.035530862
0.028809256
0.016443863
0.043126027
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Animals

Non-diabetic rats
STZ-diabetic rats

STZ-diabetic rats administered with omega 3
PUFAs

Values are means + SD, n = 6 rats in each group. *p < 0.01 compared to the non-diabetic group (one-way ANOVA).

Total cholesterol,
mmol/L

1.09 + 0.304
0.80 + 0.240
1.00 + 0,266

Triacylglycerol,
mmol/L

0.57 +0.029
0.95 +0.238 *
1.14 +0.259 *

High-density
lipoprotein
cholesterol,

mmol/L

0.46 + 0.085
0.28 = 0.008 *
0.28 + 0.021 *

Low-density
lipoprotein cholesterol,
mmol/L

0.74 + 0.288
0.49 + 0.218
0.58 + 0.149
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Animals Body weight, g Blood glucose levels, mmol/L

Start of experiment  End of experiment Start of experiment End of experiment

Non-diabetic rats 1720 £ 17.175 218.0 + 14.404* 8.08 + 0228 8.14 + 0.329
STZ-diabetic rats 162.14 + 11.495 162.86 + 24.640 2591 +3.765 * 31.91+2042 ¢
STZ-diabetic rats administered with omega 3 PUFAs 178.83 + 9.806 181.17 + 18.280 2297 + 1.663 * 29.02+ 2941 *

Values are means + SD, n = 6 rats in each group. *p < 0.01 compared to the start of the experiment (Student’s t-test), *p < 0.001 compared to the nondiabetic group (one-way ANOVA).





OPS/images/fendo.2022.1004564/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.1004564/fendo-13-1004564-g001.jpg
A
i ——————— e CY P2E1 (56 kDa) —— —— A e CYP2EL (56 kDa)

—— W S e o beta-actin (43 kDa)

. ————— . beta-actin (43 kDa)

Non-diabetics STZ-diabetics STZ-diabetics STZ-diabetics/PUFAs

@

s o

*p=0.030 2
1;

5
2
S
1
- ) -
0

Non-diabetics STZ-diabetics STZ-diabetics STZ-diabetics/PUFAs

%

CYP2El/beta actin, rel.u
E (=)
CYP2El/beta actin, rel.u

[N

=}





OPS/images/fendo.2022.1004564/fendo-13-1004564-g002.jpg
The level of activity of
CYP2EI, nmol per min/mg

0.8

0.6

0.4

0.2

*p=0.001

Non-diabetics

STZ-diabetics

*p=0.001

STZ-diabetics/PUFAS





OPS/images/fendo.2022.997034/fendo-13-997034-g006.jpg
CiteSpace, v. 5.8.R3 (64-bit)

May 31, 2022 1:54:47 PM CST

WoS: F:\Citescape\data

Timespan: 2004-2022 (Slice Length=1)
Selection Criteria: g-index (k=25), LRF=3.0, L/N=10, LBY=5, e=1.0
Network: N=423, E=1098 (Density=0.0123)
Largest 8 CCs: 352 (83%)

Nodes Labeled: 1.0%

Pruning: Pathfinder

Modularity Q=0.8726

Weighted Mean Silhouette S=0.9828
Harmonic Mean(Q, S)=0.9245

rial fibrillation

Master Univ .

| Index Labs Inc

110 satiety





OPS/images/fendo.2022.997034/fendo-13-997034-g007.jpg
CiteSpace, v. 5.8.R3 (64-bit)

June 1, 2022 12:08:11 PM CST

WosS: F \Citescape\data

Timespan: 2004-2022 (Slice Length=1)

Selection Criteria: g-index (k=25), LRF=3.0, L/N=10, LBY=5, e=1.0

Network: N=511, E=1606 (Density=0.0123)

Largest 5 CCs: 277 (54%) [0

Nodes Labeled: 1.0% "o}
Pruning: None






OPS/images/fendo.2022.997034/fendo-13-997034-g002.jpg
Number of Publications

40

30

20

0
AL

,»Q

,»Q

S

f»

f»

,»Q

W AR A AR AN AN RN
Time (year)

A

f»

oA N
DAV O SN AN Q\?&Wf&'\‘w W





OPS/images/fendo.2022.997034/fendo-13-997034-g003.jpg
Sweden, 17
Norway,7| .
Germany, 25| | Finland, 6
Denmark, 13 | 4
England, 38
France, 17,-

Russia, 3

Number of publications

16

»
) ) ,‘_)Japan, 8
1

Cezch Public, 7
Croatia, 14
Poland, 7
Greece, 9

e | | |
o wyg R

[

(=]

No data

South Africa, 5






OPS/images/fendo.2022.997034/fendo-13-997034-g004.jpg
30

[ g]
(o]

3
:
<

@]
¢

& USA
—&— China
-¥ England
~¢- Australia
-@ Germany
- Spain
A Italy

S wn =]
[\ — Y

suoneIqng Jo JoquinN

¥ Sweden
-®- France

Time (year)





OPS/images/fendo.2022.997034/fendo-13-997034-g005.jpg
CiteSpace, v. 6.1.R3 (64-bit) Basic
July 31, 2022 at 5:32:21 PM CST

WoS: Fi\Citescape\data

Timespan: 20042023 (Slice Length=1)

Selection Criteria: g-index (k=28), LRF=3.0, LIN=10, LBY=5, e=1.0
Network: N=66, E=491 (Density=0.2289)

Largest CC: 61 (92%)

Nodes Labeled: 1.0%

Pruning: None

LOVENIA
NORTH MACE! 1A

-
" (UKRAINE
MALAYSIA

CciteSpace
]

PLES R CHINA
 KENYA

NETHERLANDS

(WALES

AUSTRIA
SWITZERLAND





OPS/images/fendo.2022.992875/fendo-13-992875-g006.jpg
@ Pain

Extra.

OOOOOOOLOLOOOOOOOOC OOOOOOOOOOOOO I I ...'...ﬂq NSOOOOOOO OO

LI ""'l‘l‘!'l'!'l‘.'.‘1‘l‘l‘.'.'!'.'.'!‘!‘!‘1‘1‘!'!'.'.‘!‘1'1‘1‘1‘!‘!‘1‘1‘!‘1‘1‘1‘1‘1‘1‘1‘1‘1‘" Illlllgll,l,','i A gl1l1l1l1l1l1l1l1l1l1l1 NN
Intra.

PRDX6 awWWWwW 0

PRDX6

MWWVWVWYO)
N ®
N~ @
palmitate (16 C) Nucleus ‘
&





OPS/images/fendo.2022.992875/table1.jpg
ZDHHC1
ZDHHC2
ZDHHC3
ZDHHC4
ZDHHC5
ZDHHC6
ZDHHC7
ZDHHC8
ZDHHCY
ZDHHC11
ZDHHCI12
ZDHHC13
ZDHHC14
ZDHHC15
ZDHHC16
ZDHHC17
ZDHHC18
ZDHHC19
ZDHHC20
ZDHHC21
ZDHHC22
ZDHHC23
ZDHHC24

NA’, Not available.

Subcellular location

Cytosol

Plasma membrane

Golgi apparatus

NA’

Plasma membrane, Nucleoplasm
NA’

Golgi apparatus

Cytosol, Nucleoplasm

Endoplasmic reticulum, Golgi apparatus, Cytosol
Mitochondria

Nucleoplasm, Intermediate filaments
Vesicles, Golgi apparatus

Vesicles

Nuclear speckles, Cytosol
Nucleoplasm, Nuclear membrane, Cytosol
Golgi apparatus, Vesicles
Microtubules

NA’

Vesicles, Plasma membrane

Golgi apparatus, Cytosol

Plasma membrane

Nucleoplasm

Vesicles, Cytosol

V, detected in the human brain tissue by immunochemistry data of the HPA database.

Expression in nervous system

NA’

i il By Bl Bl By b L

<





OPS/images/fendo.2022.997034/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.997034/fendo-13-997034-g001.jpg
Identification

Visualization

Analysis

413 studies identified from Web
of Science Core Collection

Excluded 29 studies, including meeting
abstracts, early access, proceedings
papers, letters, editorial materials

384 qualified studies identified

CiteSpace|(5.8. R3)

Countries; institutions;
authors; journals

GraphPad Prism 9.0

General Cooperation Hotspots

Keywords References

Microsoft Word 2019 Burst detection

Trends

information relationship frontier






OPS/images/cover.jpg
& frontiers | Research Topics.

Novel insights into the
pathophysiology of
diabetes-related
complications:
Implications for improved
therapeutic strategies

Eaitea by

un

Published in
Frontirs in Endocrinciogy






OPS/images/fendo.2022.967822/fendo-13-967822-g001.jpg
A B
25 *k
—— DN - - CR
- DG
s _ 20 _— - -= DN
) —— CR g — — -+ DG
g s 15 E.
H £
2 @ 10 [**
° m
° w
= 5
SN Y A M6 oA D O S N = L ) v
Time (Week) Time (week)
C D E F
- - *x *
gmn - — gan xx xx —— 2 8 - 800 - -
E = DN _E 3 = DN E,‘ = DN _ - DN
2 1000 = - 06 2 - 06 H = DG 2 - 06
3
2 £ 20 £a §m
E E T g =
500
N £ 10 g 2 S 200
i ; 3
o o o o
CR DN DG CR DN DG CR DN DG CR DN DG
G
OGTT in week 4 OGTT in week 8 OGTT in week 12
-~ CR a0 - CR 40 fad *k *x ** -e- CR
o EE » e = &
z = DN g 2 = DN g 2 - = DN
: e iz wbe 3a (O — e
i E § § » ,§ o
£ £ £ / -
5 | ;g
0.0 0.5 1.0 15 20 25 0.0 05 1.0 15 20 25
Time(h) Time(h)
week 4 week 8 Week 12
*k * = 60 *k ok *k Kk
= 60 X = 60
S mCR & = CR S = CR
T o
2 = DN 3 = DN g = DN
3
3 40 moc 3% = DG 3 40 = DG
o o o
° o o
© @ @
5 S 20 5
S 20 20
5 5 5
o 2 ]
k- 5 k-
x x o x o
CR DN DG CR DN DG CR DN DG
Groups Groups Groups
H
1
~
X
- *%k %%k
3
S
©
[
2
M e 8
asson 2
(=2}
=
£

Masson stai

CR DN DG





OPS/images/fendo.2022.997034/table1.jpg
Co-cited Journal

Diabetes Care

New England Journal of Medicine

Diabetes

Lancet

JAMA—]Journal of the American Medical Association
Diabetologia

Circulation

Nature

PLoS One

American Journal of Clinical Nutrition

Citation

202
168
154
152
141
138
130
118
99

98

Centrality

0.01
0.01
0.07
0.03
0.05
0.01
0.02
0.07
0.03
0.04

IF (2020)

19.112
91.253
9.461
79.323
56.274
10.122
29.69
49.962
324
7.047

JCR

Q1
Q1

Q1
Q1
Q1
Q1
Q1
Q
Q1





OPS/images/fendo.2022.997034/table2.jpg
Author  Year Reference Citation Centrality

1 YangY 2019 Glucose is involved in the dynamic regulation of m®A in patients with type 2 diabetes 16 0.02
2 Roundtree TA 2017 Dynamic RNA modifications in gene expression regulation 15 0
3 Huang HL 2018  Recognition of RNA N-6- methyladenosine by IGF2BP proteins enhances mRNA stability and translation 14 0.19
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