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Background

Renal ischemia-reperfusion injury (IRI) is an inevitable occurrence during kidney transplantation. Mitophagy, ferroptosis, and the associated immune microenvironment (IME) have been shown to play important roles in renal IRI. However, the role of mitophagy-associated IME genes in IRI remains unclear. In this study, we aimed to construct a prediction model of IRI prognosis based on mitophagy-associated IME genes.





Method

The specific biological characteristics of the mitophagy-associated IME gene signature were comprehensively analyzed using public databases such as GEO, Pathway Unification, and FerrDb. Correlations between the expression of prognostic genes and immune-related genes and IRI prognosis were determined by Cox regression, LASSO analysis, and Pearson’s correlation. Molecular validation was performed using human kidney 2 (HK2) cells and culture supernatant as well as the serum and kidney tissues of mice after renal IRI. Gene expression was measured by PCR, and inflammatory cell infiltration was examined by ELISA and mass cytometry. Renal tissue damage was characterized using renal tissue homogenate and tissue sections.





Results

The expression of the mitophagy-associated IME gene signature was significantly correlated with IRI prognosis. Excessive mitophagy and extensive immune infiltration were the primary factors affecting IRI. In particular, FUNDC1, SQSTM1, UBB, UBC, KLF2, CDKN1A, and GDF15 were the key influencing factors. In addition, B cells, neutrophils, T cells, and M1 macrophages were the key immune cells present in the IME after IRI. A prediction model for IRI prognosis was constructed based on the key factors associated with the mitophagy IME. Validation experiments in cells and mice indicated that the prediction model was reliable and applicable.





Conclusion

We clarified the relationship between the mitophagy-related IME and IRI. The IRI prognostic prediction model based on the mitophagy-associated IME gene signature provides novel insights on the prognosis and treatment of renal IRI.
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1 Introduction

Ischemia-reperfusion injury (IRI) is defined as the paradoxical deterioration of cellular dysfunction and death after blood flow is restored to previously ischemic tissue (1, 2). The reconstruction of blood flow is essential to salvage ischemic tissue. However, it is a double-edged sword, as reperfusion can cause further damage and threaten normal organ function and viability (3, 4).

Renal tissues are sensitive to IRI (5), and IRI is an inevitable challenge in renal transplantation under clinical settings. A thorough exploration of the molecular and cellular mechanisms is essential to understand the possible windows for effective therapeutic intervention. To date, many studies have shown the primary mechanisms leading to renal IRI. These include impaired energy metabolism, calcium overload, mitochondrial damage, oxidative stress response, inflammatory response, apoptosis, and autophagy (6, 7).

Renal tubular epithelial cells are the cells most severely damaged in response to IRI (8). IRI results in the loss of tubular epithelial cell function, leading to acute renal injury, delayed graft function, and acute and chronic organ rejection (9, 10). Mitochondrial autophagy and ferroptosis also occur in renal tubules in response to IRI (11, 12).

Among these factors, mitochondrial autophagy acts as a trigger for the process throughout IRI and interacts sequentially with other forms of cell death, most often ferroptosis (13). Mitochondrial autophagy is a key cellular homeostatic mechanism that is activated early in IRI through PRKN-dependent and -independent signaling pathways (14). In this regard, the activation of mitochondrial autophagy exerts a protective effect, reducing local inflammation and oxidative damage. Instead, the crosstalk between mitochondrial autophagy and forms of cell death induces direct tissue damage (15, 16). Findings from many studies have suggested an important relationship between mitochondrial autophagy and ferroptosis (17, 18).

However, the transcriptomic differences in the development in renal IRI and the degree of interaction and impact on mitochondrial autophagy and ferroptosis are yet to be explored (19, 20). To this end, our study first identified key differentially expressed genes through transcriptome analysis. Subsequently, we analyzed the association between typing and prognosis and observed a difference in the survival time. Finally, we verified the occurrence of mitochondrial autophagy and ferroptosis after renal IRI in cellular and mouse models, which eventually led to a significant increase in inflammatory infiltration.

In this study, we explored the mechanisms underlying renal tubular injury and the process of injury development at the molecular level in human samples and validated them in cellular and mouse models. Our findings would be helpful in therapeutic applications for renal IRI.




2 Materials and methods



2.1 Data acquisition and pre-processing

The microarray datasets and corresponding annotation files of transcriptomic datasets with reliable renal IRI specimens [GSE43974 (21), GSE90861 (22), GSE126805 (23), and GSE21374 (24)] were retrieved from the Gene Expression Omnibus (GEO). The GSE43974 dataset, which included 203 renal IRI specimens and 188 control specimens collected before IRI from brain-dead donors (DBD), cardiac dead donors (DCD), and living donors (LD), was used for analyzing differentially expressed mitophagy/ferroptosis-related genes. The GSE90861 dataset includes 23 renal IRI specimens and 23 pre-IRI control specimens. The GSE126805 dataset includes 42 renal IRI specimens and 41 pre-IRI control specimens. These two datasets were used as the validation dataset for differentially expressed genes (DEGs). GSE21374 contains the transcriptomic and clinical prognosis data of 282 renal IRI specimens and was used for identifying prognostic genes and risk scoring (Figure S1).




2.2 Differential expression of mitophagy/ferroptosis-related genes and validation

A list of mitophagy-related genes (MRGs) was acquired from the Pathway Unification database, and 26 MRGs were extracted from the transcriptomic data of GSE43974 (Table S1). A list of ferroptosis-related genes (FRGs) was acquired from FerrDb (Methods, Supplementary Material), and 248 FRGs were extracted from GSE43974 (Table S2). Differentially expressed MRGs/FRGs between the renal IRI samples and control samples in GSE43974 were identified using the results of the Wilcoxon test. A heatmap of differentially expressed MRGs/FRGs was constructed using the pheatmap package. Correlations between MRG and FRG expression were determined using Pearson’s correlation analysis. The differentially expressed MRGs/FRGs were subsequently validated using GSE90861 and GSE126805.




2.3 The protein-protein interactionnetwork and transcription factor, miRNA, and small molecule compound networks

The PPI network of the differentially expressed MRGs/FRGs was constructed using Search Tool for the Retrieval of Interacting Genes (25) and Cytoscape (26). The transcription factor (TF), miRNA, and small molecule compound networks of the differentially expressed MRGs/FRGs were also analyzed.




2.4 Molecular subtyping of renal IRI

Molecular subtyping was performed using the non-negative matrix factorization (NMF) package (27) based on gene expression in the GSE21374 dataset (top 5000 genes in decreasing variance). According to the change in the cophenetic coefficient with K-means, the optimal number of clusters was determined by the rank before the point of maximum change. Differentially expressed MRGs/FRGs and differences in prognosis were analyzed between subtypes.




2.5 Prognostic marker selection

Prognostic markers were selected from the GSE21374 dataset using LASSO regression. Variables were selected by the glmnet function and cross-validated by the cv.glmnet function in the glmnet package (28) to obtain the combination of prognostic markers with the minimum CV coefficient.




2.6 Risk score and risk grouping

The optimal risk score (RS) cutoff for predicting survival time in kidney transplant recipients was determined using the maxstat package. Patients were divided into the low RS and high RS groups using the cutoff, and survival curves were plotted using the Kaplan-Meier (K-M) estimator. The ability of RS to predict the 1-, 2-, and 3-year survival was analyzed using the survival receiver operator characteristic curve (ROC) package, and the area under a curve (AUC) of the ROC curve was calculated.




2.7 Differential gene expression and functional enrichment analyses of risk groups

DEGs between the two risk groups were analyzed to elucidate the biological significance of RS. DEGs were identified using an adjusted P value < 0.05 and |log2FC| >1. The volcano plot and heatmap of DEGs were generated using ggplot2 and pheatmap, respectively. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses were performed on the DEGs of each risk group using clusterProfiler.




2.8 Immune cell infiltration analysis

The gene expression matrix of GSE21374 was analyzed using CIBERSORTx to determine immune cell infiltration in the samples. Samples with significant infiltration were identified by a P < 0.05. The extent of immune cell infiltration was compared between the low and high RS groups as well as between molecular subtypes using the Wilcoxon test. The correlation between immune cells and the candidate MRGs/FRGs was determined by Pearson’s correlation analysis.




2.9 Construction of a cellular model of IRI

HK2 cells were subjected to hypoxia and reoxygenation to confirm mitochondrial damage, mitophagy, and ferroptosis in response to hypoxia-reoxygenation injury (HK2 cells were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences and cryopreserved in an ultra-low temperature freezer in our laboratory). HK2 cells at an appropriate density were cultured in DMEM-F12 (Gibco-12634010) supplemented with 10% premium-grade fetal bovine serum (Gibco-16000-044) at 37 °C with 5% CO2 for 12-24 h until adherence was observed. The cells were then divided into the normoxia group (n = 3) and hypoxia group (n = 3) according to the experimental design.

HK2 cells in the normoxia group were cultured at 37 °C with 5% CO2, while those in the hypoxia group were cultured under hypoxic conditions. Briefly, the inlet and outlet valves of the hypoxia chamber were opened, and a mixed gas of 94% N2/5% CO2/1% O2 was injected into the chamber at a flow rate of 2L/min for 5 min. Once the oxygen level was stabilized at 1%, the outlet valve was closed and the cells were cultured for 24 h. The cells were then reoxygenated in a conventional incubator (5% CO2, 21% O2, 74% N2) for 4 h.

HK2 cells were collected from both groups, and the level of inflammatory cytokines in the culture supernatant was measured using an ELISA KIT (Human IL-6 ELISA KIT, Abcam, ab100572, Human TNFa ELISA KIT, Abcam, ab285312, Human CXCL1 ELISA KIT, Abcam, ab190805). Cell necrosis and cell apoptosis were assessed using Annexin V-FITC flow cytometry (Beyotime-C1062). Changes in the mitochondrial membrane potential were examined by fluorescence microscopy (enhanced mitochondrial membrane potential assay kit with JC-1, Beyotime-C2003S). The expression of ferroptosis markers (MDA, GSH, GPX4, and NADPH) was detected by biochemical testing (Nanjing Jiancheng, MDA kit, GSH-PX kit, GPX4 Kit, and NADPH kit).




2.10 Animal model of IRI

SPF wild-type (WT) C57BL/6 mice (6-8 weeks old, 23.0-25.0 g) were purchased from the Shanghai Laboratory Animal Center and acclimatized in our animal room for at least 1 week. Animals were housed at 24 ± 1°C under 40% ± 1% relative humidity and a 12 h/12 h light/dark cycle, with no more than five animals per cage, and were provided ad libitum access to food and water. All experimental procedures were reviewed and approved by the animal ethics committee. The mice were divided into the sham group (excision of right kidney only) and IR model group (excision of right kidney and 25 min of left renal artery clamping followed by 24 h of blood reperfusion),and six in each group.

Blood and kidney tissues were collected from the mice at 24 h after surgery. The serum creatinine level was measured using an automated biochemistry analyzer, and the IL-6, TNF-α, CXCL1 were measured by ELISA KIT (Mouse IL-6 ELISA KIT, Solarbio, SEKM-007, Mouse TNFa ELISA KIT, Solarbio, SEKM-0034, Mouse CXCL1 ELISA KIT, Solarbio, SEKM-0046), and ferroptosis marker levels were also measured. Gene expression in the kidney tissues was determined by PCR (the primer sequences are shown in Supplementary Table S5). HE and TUNEL staining was performed on the remaining kidney tissues for histopathology and evaluation of the extent of IRI, respectively. In addition, mitochondrial damage and autophagosomes in the kidney tissues were examined using transmission electron microscopy (TEM). The renal immune microenvironment was evaluated by single-cell mass spectrometry-flow cytometry.




2.11 Statistical analysis

Data calculation and statistical analyses were performed by R (https://www.r-project.org/, version 4.2.0). The false positive rate of multiple testing was reduced using Benjamini-Hochberg multiple testing correction. Continuous variables with normal distribution were compared using the independent t-test, and variables with non-normal distribution were compared using the Mann-Whitney U test (e.g., Wilcoxon rank-sum test). ROC curves were generated using the survival ROC, and the area under the ROC curve (AUC) was calculated to evaluate the accuracy of RS in predicting prognosis. Survival was analyzed by Cox regression, and the hazards ratio (HR), 95% confidence interval (CI), and RS cutoff were calculated. All tests were two-tailed, and a P < 0.05 was considered statistically significant.





3 Results



3.1 MRG/FRG expression

We compared the expression of MRGs/FRGs between the IR and pre-IR samples of DBD, DCD, and LD and identified six MRGs and six FRGs that were significantly differentially expressed in the three groups (Figure 1A). MRG/FRG expression in the different samples is shown in heatmaps (Figures 1B–D). The differentially expressed MRGs included FUN14 domain containing 1 (FUNDC1), translocase of outer mitochondrial membrane 6 (TOMM6) (both downregulated), microtubule-associated protein 1-light chain 3B (MAP1LC3B), sequestosome 1 (SQSTM1), ubiquitin B (UBB), and ubiquitin C (UBC) (all upregulated). The differentially expressed FRGs included activating transcription factor 3 (ATF3), Kruppel 2 (KLF2), zinc finger protein 36 (ZFP36), cyclin-dependent kinase inhibitor 1A (CDKN1A), growth differentiation factor 15 (GDF15), and pyruvate dehydrogenase kinase (PDK4) (all upregulated). The correlation of MRG and FRG expression was also detected by correlation analysis. The correlation matrices are shown in Figures 1E–G. Next, we validated the 12 differentially expressed MRGs/FRGs using the GSE90861 and GSE126805 datasets and found that all 12 MRGs/FRGs were differentially expressed in the two datasets, with trends of expression consistent with those identified in our analysis (Figure S2).




Figure 1 | Heatmaps and correlation analysis of differentially expressed MRGs/FRGs. (A) Venn diagram of differentially expressed MRGs/FRGs in DBD, DCD and LD. All 6 MRGs and 6 FRGs were differentially expressed in the 3 subject populations. (B–D) Heatmaps of MRGs/FRGs expression in samples from (B) DBD, (C) DCD, and (D) LD. (E–G) Correlation matrices of MRGs/FRGs expression in DBD, DCD and LD. Red indicates positive correlation and blue indicates negative correlation. A darker indicates a higher correlation (Pearson coefficient), and a black X indicates no statistical significance. MRGs, mitophagy-related genes; FRGs, ferroptosis-related genes; DBD, brain-dead donor; DCD, cardiac dead donor; LD, living donor; IR, ischemia reperfusion.






3.2 PPI, miRNA, TF, and small molecule compound interaction networks of differentially expressed MRGs/FRGs

We constructed a PPI network of the 12 differentially expressed MRGs/FRGs (Figure S3A) and found that ZFP36, UBC, GDF15, MAP1LC3B, CDKN1A, SQSTM1, TOMM6, UBB, ATF3, KLF2, PDK4, and FUNC1 were associated with 187, 186, 119, 116, 104, 75, 59, 59, 43, 12, 12, and 2 (ZNF71 and MAZ) transcription factors (TFs), respectively (Figure S3B). The miRNA interaction analysis revealed that CDKN1A, KLF2, ZFP36, UBC, UBB, MAP1LC3B, SQSTM1, ATF3, GDF15, and PDK4 were associated with 331, 107, 53, 49, 42, 42, 27, 24, 23, and 6 (hsa-mir-16-5p, hsa-mir-26b-5p, hsa-mir-103a-3p, hsa-mir-182-5p, hsa-mir-122-5p, and hsa-mir-335-5p) miRNAs, respectively (Figure S3C). Furthermore, the small molecule compound interaction analysis showed that CDKN1A, ATF3, GDF15, SQSTM1, MAP1LC3B, ZFP36, PDK4, KLF2, UBC, UBB, FUNDC1, and TOMM6 were associated with 618, 204, 202, 166, 95, 72, 56, 45, 29, 22, 6 (acetaminophen, catechin, cyclosporine, grape seed proanthocyanidins, K7174, and tetrachlorodibenzodioxin), and 7 (aflatoxin B1, arsenic, chloropicrin, copper sulfate, cyclosporine, K7174, and valproic acid) small molecule compounds, respectively (Figure S3D).




3.3 Molecular subtyping

NMF subtyping showed that the cophenetic coefficient began to decrease at rank=2, which indicated that the optimal number of subtypes was 2 (Figure 2A). A heatmap of the subtypes is shown in Figure 2B. Principal component analysis showed that the samples could be clearly distinguished by the two subtypes (Figure 2C). Correlation analysis of the subtype and prognosis revealed that the survival time differed significantly between subtypes, and subtype 2 patients had better prognosis than subtype 1 patients (Figure 2D). The analysis of immune cell infiltration showed that subtype 1 patients had significantly higher infiltration of resting dendritic cells, M2 macrophages, resting NK cells, CD8+ T cells, and regulatory T cells (Tregs) (P < 0.01), whereas subtype 2 patients had significantly higher infiltration of M1 macrophages, neutrophils, activated memory CD4+ T cells, and gamma delta T cells (P < 0.05) (Figure 2E). The expression of MRGs/FRGs, namely FUNDC1, MAP1LC3B, SQSTM1, UBB, ATF3, KLF2, ZFP36, CDKN1A, and PDK4, was significantly different between the two subtypes (P < 0.05) (Figure 2F).




Figure 2 | Molecular subtyping. (A) Process of NMF subtype clustering. (B) Heatmap of subtypes. (C) PCA of subtypes. (D) Survival curves of subtypes. (K–M method). (E) Box plot of immune cell infiltration in each subtype. (F) Box plot of MRGs/FRGs expression in each subtype. Gene expression in the box plot was compared using the Wilcoxon test. ns, no significance, *P < 0.05, **P < 0.01. ***P < 0.001, ****<0.0001. NMF, non-negative matrix factorization; PCA, principal component analysis.






3.4 Prognostic marker selection and risk score calculation and evaluation

We selected seven MRGs/FRGs (FUNDC1, SQSTM1, UBB, UBC, KLF2, CDKN1A, and GDF15) as prognostic markers using LASSO regression (Figures S4A, B). The AUC of the ROC curve was 0.73, indicating good predictive ability (Figure S4C). The survival curves of the seven candidate genes in the high/low expression groups are shown in Figures S4 D-J. The correlation analysis of candidate gene expression and immune cell infiltration is shown in Figure S4K. The risk score (RS) was calculated based on the coefficients of the candidate prognostic markers determined by LASSO regression (Methods are shown in the Supplementary Material).

RS=0.3038*FUNDC1+(-0.5346)*SQSTM1+(-3.5716)*UBB+2.3143*UBC+0.4939*KLF2+0.2815*CDKN1A+0.0487*GDF15.

The ROC curves of RS for predicting survival showed good predictive ability (Figure 3A). Using maxstat, we determined that the best RS cutoff for predicting the survival of patients who underwent kidney transplant was -25.0716. We then categorized patients who underwent renal transplant into the high RS and low RS groups based on this cutoff and removed patients without survival information. Prognosis was significantly poorer in patients with a high RS than in patients with a low RS (P < 0.0001) (Figure 3B).




Figure 3 | Risk score and evaluation. (A) ROC curves of RS in predicting the 1-, 2- and 3-year survival of kidney transplant patients. (B) Survival curves (K–M method) of the low and high RS groups. (C) Box plot of immune cell infiltration in the low and high RS groups. Data were compared using the Wilcoxon test. **P <0.01, ****P < 0.0001, ns, no significance.



In addition, we compared the extent of immune cell infiltration between the high RS and low RS groups (Figure 3C). Our analysis revealed that the high RS group had a greater infiltration of B cells, neutrophils, T cells, and M1 macrophages (P < 0.01), whereas the low RS group had a greater infiltration of memory B cells, dendritic cells (DCs), M2 macrophages, resting NK cells, regulatory T cells (Tregs), and T cells (P < 0.01).




3.5 Differential gene expression and enrichment analyses in RS groups

We performed enrichment analysis of these DEGs (Tables S3, S4). KEGG analysis showed that the DEGs were enriched in Staphylococcus aureus infection, viral protein interaction with cytokine and cytokine receptor, chemokine signaling pathway, protein digestion and absorption, and pertussis (Figures S5A-D).

Furthermore, GO analysis revealed that the DEGs were associated with BPs such as humoral immune response, leukocyte mediated immunity, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, lymphocyte mediated immunity, and activation of immune response, MFs such as antigen binding, CXCR chemokine receptor binding, and glycosaminoglycan binding and heparin binding, and CCs such as external side of plasma membrane, blood microparticle, collagen-containing extracellular matrix, collagen trimer, and secretory granule lumen (Figures S5E, F).




3.6 Hypoxia results in HK2 cell injury

Cell viability in the normoxia and hypoxia groups was measured by flow cytometry. Our results demonstrated that the numbers of necrotic and apoptotic HK2 cells were far higher in the hypoxia group than in the normoxia group (Figure 4A), along with increased intracellular ROS level (Figure S6). We also found that the mitochondrial membrane was depolarized after hypoxia, which suggested that hypoxia could impair mitochondrial functions (Figure 4B).




Figure 4 | HK2 cells under hypoxic environment would cause the occurrence of ferroptosis, and accompanied by the secretion of inflammatory factors. (A) HK2 cells were cultured in hypoxia for 24 h and reoxygenated for 4 h, and the apoptotic and necrotic ratios were determined using flow cytometry, (B) Mitochondrial membrane potential alteration was detected by JC-1 probes, Scale bar, 50 um and 25 um. (C) Inflammatory factors secreted by HK2 within cell culture supernatants were examined, (D) Cell culture supernatant were assayed for markers of ferroptosis. n = 3, *P < 0.05, **P < 0.01 between groups as indicated.



Next, we examined the inflammatory response of HK2 cells under different conditions by collecting the culture supernatants. Hypoxia upregulated the expression of inflammatory mediators in HK2 cells (Figure 4C). Furthermore, the expression of ferroptosis-related markers was also increased in the HK2 cell culture supernatant after hypoxia, which indicated that hypoxia exacerbated the ferroptosis of HK2 cells (Figure 4D). Collectively, these findings indicate that hypoxia leads to renal tubular epithelial cell injury along with increasing inflammatory mediator expression, mitophagy, and ferroptosis.




3.7 IRI led to the impairment of renal function in mice

We compared the renal functions of mice in the sham and IR groups and found that renal IRI led to the impairment of renal function (Figure 5A). IRI resulted in severe renal tubular damages, as indicated by renal tubular epithelial cell necrosis and sloughing (Figure 5B). TUNEL staining results also indicated that IRI caused severe renal damage (Figure S7). Next, we found that inflammatory mediators were significantly overexpressed in the model group compared to that in the sham group (Figure S8). Furthermore, mass spectrometry-flow cytometry revealed that renal IRI significantly increased immune cell infiltration into the kidneys (Figure 5C). The levels of ferroptosis markers differed significantly in the model group compared to that in the sham group (P < 0.05) (Figure S9). In addition, we also observed the expression of FRGs and MRGs in the kidney tissues, indicating that IRI could upregulate FRG and MRG expression induced mitophagy (Figure 5D). TEM confirmed that renal IRI led to mitochondrial atrophy, with a reduction in the disappearance of mitochondrial cristae and increase in mitochondrial membrane density and autophagosome abundance (Figure 5E).




Figure 5 | Renal IRI causes renal insufficiency and in mice. (A) Secrum creatinine was detected in different groups of mice and found that IR was higher than Sham group, (B) HE staining of mouse kidney tissue, can see that IR can lead to shedding necrosis and vacuole-like degeneration of tubular epithelial cells, Scale bar, 50 um and 25um. (C) Using single cell flow technology, (D) PCR to determine the expression of kidney tissue expression of MRGs and FRGs, (E) Electron microscopic photography showed significant changes in mitochondrial structure after IR. Scale bar, 200 nm. n = 6, **P < 0.01 between groups as indicated.







4 Discussion

The clinical management of IRI has been highly challenging. Although many approaches validated in animal models have shown considerable promise in reducing the severity of IRI, the results of clinical trials have not been satisfactory (29, 30).

Owing to the special tissue structure and function of the kidneys, they are extremely sensitive to IRI (31). In renal transplantation, the graft inevitably undergoes a series of changes, such as donor hemodynamic disturbance, thermal ischemia, cold ischemia, and reperfusion, which causes IRI, leading to delayed recovery in renal function post-transplantation, primary non-function of transplanted kidneys, rejection, or even the loss of transplanted kidneys (32). These remain important factors affecting the early recovery of renal function and long-term survival of the graft (33). Thus, the prevention and treatment of IRI in transplanted kidneys have become an important topic for research in the field of renal transplantation in recent years.

The regulation of mitochondrial kinetics, which manifests as a dynamic balance between the processes of mitochondrial fusion and division, is closely associated with the generation of reactive oxygen species (ROS) and Ca2+ in large quantities and high energy metabolism during renal IRI. It is an important factor affecting cell survival or death. Imbalances in mitochondrial kinetics can lead to the disturbance of the intracellular environment, cell damage, and even death (34–36), thus leading to renal tubular necrosis (37). Changes in mitochondrial function can also promote the increase in ROS content, thus forming a vicious circle.

More interestingly, mitochondrial autophagy also interacts with ferroptosis, because ferroptosis is an iron-dependent lipid peroxidation-mediated mechanism of cell death, and the mitochondria, as intracellular “oxidation factories” and effectors of oxidative stress, are inextricably linked to ferroptosis (18, 38, 39).

Consistent with this, our study showed that the ferroptosis-related genes ATF3, KLF2, ZFP36, CDKN1A, GDF15, and PDK4 are upregulated in renal IRI. This is a direct cause of renal injury, which suggests the need for the early prediction of renal IRI and intervention. Meanwhile, we also observed the expression of mitophagy-related genes in IRI.

In this study, the combined prediction of the ROC curve of FUNDC1, SQSTM1, UBB, UBC, KLF2, CDKN1A, and GDF15 was confirmed by the LASSO regression results. The results confirmed a relatively good prognostic predictive ability and provided a basis for the early diagnosis of renal IRI at the molecular level.

Notably, the findings of this study not only provide evidence at the molecular level but also validated the association of renal IRI with mitochondrial autophagy and ferroptosis at the cellular and animal-model levels. In the HK2 cell model, we confirmed that hypoxia can cause damage to renal tubular epithelial cells and is accompanied by the high expression of inflammatory factors and the occurrence of mitochondrial autophagy and ferroptosis. In a mouse renal IRI model, we confirmed the significant elevation of the indicators of ferroptosis in the kidneys, which was accompanied by mitochondrial atrophy.

In summary, the mitochondria are highly susceptible to damage under stressful conditions such as IRI, which leads to functional disorders. The kinetic regulatory mechanisms between mitochondrial division and fusion were demonstrated in clinical human samples, HK2 cells, and mouse models of acute renal IRI. Maintaining homeostasis in mitochondrial dynamics could be a novel research direction for mitigating acute IRI and may be a new target for drug action. However, further investigation and validation are needed for clinical implementation.




5 Conclusions

The findings of this study confirmed that mitochondrial autophagy and ferroptosis are closely related to the prognosis of renal IRI and possess important theoretical and practical implications for investigations on renal protection protocols during renal transplantation.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was reviewed and approved by the ethics committee [20220704(12)].





Author contributions

R-YC, D-WL: Data curation, writing-original draft preparation. HX, X-WL: Bioinformatics and the analysis, S-YZ, H-YW, J-JW, NS: Construction of a cellular model of IRI, J-WQ, J-YM, CZ: Animal model of IRI, Y-HH, X-DY, MZ, W-JZ, J-QH: Writing-reviewing and editing. All authors critically revised the manuscript, agree to be fully accountable for ensuring the integrity and accuracy of the work. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the Clinical Plus Excellence Program of Renji Hospital (NO. 2021ZYA022); Shanghai Shenkang Hospital Development Center, Clinical Skills and Clinical Innovation program (NO. SHDC2020CR5012); and the Clinical Scientific Research Innovation Cultivation Program, Renji Hospital, School of Medicine, Shanghai Jiao Tong University (NO. RJPY-D2X-010);The National Natural Science Fundation of China (NO. 82001951);The Key Research and Development Program of Jiangsu Province (BE2020654,BE2020655). A Special Supportive Program for Organ Transplantation by COTDF (NO.2019JYJH14).




Acknowledgments

All authors are grateful to the GEO,Pathway Unification and FerrDb database for providing highquality data.And we are also grateful to the database website and the software for providing the data analysis (Table S6). And we would like to thank KetengEdit for its linguistic assistance.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1117297/full#supplementary-material




References

1. Malek, M, and Nematbakhsh, M. Renal ischemia/reperfusion injury; from pathophysiology to treatment. J Renal Inj Prev (2015) 4(2):20–7. doi: 10.12861/jrip.2015.06

2. Chatterjee, PK. Novel pharmacological approaches to the treatment of renal ischemia-reperfusion injury: A comprehensive review. Naunyn Schmiedebergs Arch Pharmacol (2007) 376(1-2):1–43. doi: 10.1007/s00210-007-0183-5

3. Panisello-Rosello, A, Rosello-Catafau, J, and Adam, R. New insights in molecular mechanisms and pathophysiology of ischemia-reperfusion injury 2.0: An updated overview. Int J Mol Sci (2020) 22(1):28. doi: 10.3390/ijms22010028

4. Parekh, DJ, Weinberg, JM, Ercole, B, Torkko, KC, Hilton, W, Bennett, M, et al. Tolerance of the human kidney to isolated controlled ischemia. J Am Soc Nephrol (2013) 24(3):506–17. doi: 10.1681/ASN.2012080786

5. Friederich-Persson, M, Thörn, E, Hansell, P, Nangaku, M, Levin, M, Palm, F, et al. Kidney hypoxia, attributable to increased oxygen consumption, induces nephropathy independently of hyperglycemia and oxidative stress. Hypertension (2013) 62(5):914–9. doi: 10.1161/HYPERTENSIONAHA.113.01425

6. Bhatia, D, Capili, A, and Choi, ME. Mitochondrial dysfunction in kidney injury, inflammation, and disease: Potential therapeutic approaches. Kidney Res Clin Pract (2020) 39(3):244–58. doi: 10.23876/j.krcp.20.082

7. Tejchman, K, Sierocka, A, Kotfis, K, Kotowski, M, Dolegowska, B, Ostrowski, M, et al. Assessment of oxidative stress markers in hypothermic preservation of transplanted kidneys. Antioxidants (Basel) (2021) 10(8):1263. doi: 10.3390/antiox10081263

8. Bonventre, JV, and Yang, L. Cellular pathophysiology of ischemic acute kidney injury. J Clin Invest (2011) 121(11):4210–21. doi: 10.1172/JCI45161

9. Park, YJ, Lee, JW, Chong, Y, and Park, TH. Botulinum toxin a increases allograft tolerance in an experimental transplantation model: A preliminary study. Biosci Rep (2018) 38(2):BSR20171721. doi: 10.1042/BSR20171721

10. Venkatachalam, MA, Weinberg, JM, Kriz, W, and Bidani, AK. Failed tubule recovery, AKI-CKD transition, and kidney disease progression. J Am Soc Nephrol (2015) 26(8):1765–76. doi: 10.1681/ASN.2015010006

11. Ding, C, Han, F, Xiang, H, Wang, Y, Dou, M, Xia, X, et al. Role of prostaglandin E2 receptor 4 in the modulation of apoptosis and mitophagy during Ischemia/Reperfusion injury in the kidney. Mol Med Rep (2019) 20(4):3337–46. doi: 10.3892/mmr.2019.10576

12. Xu, L, Guo, J, Moledina, DG, and Cantley, LG. Immune-mediated tubule atrophy promotes acute kidney injury to chronic kidney disease transition. Nat Commun (2022) 13(1):4892. doi: 10.1038/s41467-022-32634-0

13. Ito, J, Omiya, S, Rusu, MC, Ueda, H, Murakawa, T, Tanada, Y, et al. Iron derived from autophagy-mediated ferritin degradation induces cardiomyocyte death and heart failure in mice. Elife (2021) 10:e62174. doi: 10.7554/eLife.62174

14. Teresak, P, Lapao, A, Subic, N, Boya, P, Elazar, Z, and Simonsen, A. Regulation of prkn-independent mitophagy. Autophagy (2022) 18(1):24–39. doi: 10.1080/15548627.2021.1888244

15. Ni, L, Yuan, C, and Wu, X. Targeting ferroptosis in acute kidney injury. Cell Death Dis (2022) 13(2):182. doi: 10.1038/s41419-022-04628-9

16. Kaushal, GP, Chandrashekar, K, Juncos, LA, and Shah, SV. Autophagy function and regulation in kidney disease. Biomolecules (2020) 10(1):100. doi: 10.3390/biom10010100

17. Avila-Rojas, SH, Lira-Leon, A, Aparicio-Trejo, OE, Reyes-Fermin, LM, and Pedraza-Chaverri, J. Role of autophagy on heavy metal-induced renal damage and the protective effects of curcumin in autophagy and kidney preservation. Medicina (Kaunas) (2019) 55(7):360. doi: 10.3390/medicina55070360

18. Mou, Y, Wang, J, Wu, J, He, D, Zhang, C, Duan, C, et al. Ferroptosis, a new form of cell death: Opportunities and challenges in cancer. J Hematol Oncol (2019) 12(1):34. doi: 10.1186/s13045-019-0720-y

19. Hu, Z, Zhang, H, Yang, SK, Wu, X, He, D, Cao, K, et al. Emerging role of ferroptosis in acute kidney injury. Oxid Med Cell Longev (2019) 2019:8010614. doi: 10.1155/2019/8010614

20. Hou, W, Xie, Y, Song, X, Sun, X, Lotze, MT, Zeh, HJ 3rd, et al. Autophagy promotes ferroptosis by degradation of ferritin. Autophagy (2016) 12(8):1425–8. doi: 10.1080/15548627.2016.1187366

21. Damman, J, Bloks, VW, Daha, MR, van der Most, PJ, Sanjabi, B, van der Vlies, P, et al. Hypoxia and complement-and-Coagulation pathways in the deceased organ donor as the major target for intervention to improve renal allograft outcome. Transplantation (2015) 99(6):1293–300. doi: 10.1097/TP.0000000000000500

22. McGuinness, D, Mohammed, S, Monaghan, L, Wilson, PA, Kingsmore, DB, Shapter, O, et al. A molecular signature for delayed graft function. Aging Cell (2018) 17(5):e12825. doi: 10.1111/acel.12825

23. Cippà, PE, Sun, B, Liu, J, Chen, L, Naesens, M, McMahon, AP, et al. Transcriptional trajectories of human kidney injury progression. JCI Insight (2018) 3(22):e123151. doi: 10.1172/jci.insight.123151

24. Einecke, G, Reeve, J, Sis, B, Mengel, M, Hidalgo, L, Famulski, KS, et al. A molecular classifier for predicting future graft loss in late kidney transplant biopsies. J Clin Invest (2010) 120(6):1862–72. doi: 10.1172/JCI41789

25. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

26. Otasek, D, Morris, JH, Bouças, J, Pico, AR, and Demchak, B. Cytoscape automation: empowering workflow-based network analysis. Genome Biol (2019) 20(1):185. doi: 10.1186/s13059-019-1758-4

27. Gaujoux, R, and Seoighe, C. A flexible r package for nonnegative matrix factorization. BMC Bioinf (2010) 11:367. doi: 10.1186/1471-2105-11-367

28. Engebretsen, S, and Bohlin, J. Statistical predictions with glmnet. Clin Epigenet (2019) 11(1):123. doi: 10.1186/s13148-019-0730-1

29. Abu-Amara, M, Gurusamy, KS, Hori, S, Glantzounis, G, Fuller, B, and Davidson, BR. Pharmacological interventions versus no pharmacological intervention for ischaemia reperfusion injury in liver resection surgery performed under vascular control. Cochrane Database Syst Rev (2009) 4):Cd007472. doi: 10.1002/14651858.CD007472.pub2

30. Liu, C, Wang, J, Hu, J, Fu, B, Mao, Z, Zhang, H, et al. Extracellular vesicles for acute kidney injury in preclinical rodent models: A meta-analysis. Stem Cell Res Ther (2020) 11(1):11. doi: 10.1186/s13287-019-1530-4

31. Makris, K, and Spanou, L. Acute kidney injury: Definition, pathophysiology and clinical phenotypes. Clin Biochem Rev (2016) 37(2):85–98.

32. Nieuwenhuijs-Moeke, GJ, Pischke, SE, Berger, SP, Sanders, JSF, Pol, RA, Struys, MMRF, et al. Ischemia and reperfusion injury in kidney transplantation: Relevant mechanisms in injury and repair. J Clin Med (2020) 9(1):253. doi: 10.3390/jcm9010253

33. Saat, TC, van den Akker, EK, IJzermans, JN, Dor, FJ, and de Bruin, RW. Improving the outcome of kidney transplantation by ameliorating renal ischemia reperfusion injury: Lost in translation? J Transl Med (2016) 14:20. doi: 10.1186/s12967-016-0767-2

34. Abeti, R, Parkinson, MH, Hargreaves, IP, Angelova, PR, Sandi, C, Pook, MA, et al. Mitochondrial energy imbalance and lipid peroxidation cause cell death in friedreich's ataxia. Cell Death Dis (2016) 7:e2237. doi: 10.1038/cddis.2016.111

35. Zhao, M, Wang, Y, Li, L, Liu, S, Wang, C, Yuan, Y, et al. Mitochondrial ROS promote mitochondrial dysfunction and inflammation in ischemic acute kidney injury by disrupting TFAM-mediated mtDNA maintenance. Theranostics (2021) 11(4):1845–63. doi: 10.7150/thno.50905

36. Jun, W, Benjanuwattra, J, Chattipakorn, SC, and Chattipakorn, N. Necroptosis in renal ischemia/reperfusion injury: A major mode of cell death? Arch Biochem Biophys (2020) 689:108433. doi: 10.1016/j.abb.2020.108433

37. Gall, JM, Wang, Z, Liesa, M, Molina, A, Havasi, A, Schwartz, JH, et al. Role of mitofusin 2 in the renal stress response. PLoS One (2012) 7(1):e31074. doi: 10.1371/journal.pone.0031074

38. Martin-Sanchez, D, Fontecha-Barriuso, M, Martinez-Moreno, JM, Ramos, AM, Sanchez-Nino, MD, Guerrero-Hue, M, et al. Ferroptosis and kidney disease. Nefrologia (Engl Ed) (2020) 40(4):384–94. doi: 10.1016/j.nefroe.2020.09.006

39. Zhang, X, Li, LX, Ding, H, Torres, VE, Yu, C, and Li, X. Ferroptosis promotes cyst growth in autosomal dominant polycystic kidney disease mouse models. J Am Soc Nephrol (2021) 32(11):2759–76. doi: 10.1681/ASN.2021040460




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


Copyright © 2023 Chen, Li, Xie, Liu, Zhuang, Wu, Wu, Sun, Qu, Miao, Zhong, Huang, Yuan, Zhang, Zhang and Hou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1117297-g001.jpg
MRGs FRGs

C Group
GSE43974 DCD Before IR
R
2
0
I..
-2
E F
GSE43974 DBD @ GSE43974 DCD
©
= = <O b <
(6] = g ) oL =
= 1 z = o
233tpEaggiih s3gupfig
2RESRNB55530 2R5ZEHED
o FUNDC1 @@«
TOMM6 @)

&
Z20

MAP1LC3B

GDF15
© ® SQSTM1

uBB

uBC

GSE43974 DBD

n"

Group

Before IR
IR

FUN DC1
TOMM6
SQsTM1
UBB

PDK4
uBC
KLF2
ATF3
ZFP36
CDKN1A
MAP1LC3B
GDF15

Group

Iz
0

I..
-2

Before IR

IR
FUNDC1
TOMMé
KLF2
ZFP36
GDF15
ATF3
CDKN1A
PDK4
MAP1LC3B
usC
SQsTM1
uBB

o
@
[}
2
o
<
=

n
oL
w

[=}
Zo
UJ

@ CDKN1A

CDKN1A
MAP1LC3B @
ATF3 @@
GDF15 @

2
'1

0





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gene signature and prediction model of the mitophagy-associated immune microenvironment in renal ischemia-reperfusion injury

      

        		

          Background

        



        		

          Method

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Data acquisition and pre-processing

          



          		

            2.2 Differential expression of mitophagy/ferroptosis-related genes and validation

          



          		

            2.3 The protein-protein interactionnetwork and transcription factor, miRNA, and small molecule compound networks

          



          		

            2.4 Molecular subtyping of renal IRI

          



          		

            2.5 Prognostic marker selection

          



          		

            2.6 Risk score and risk grouping

          



          		

            2.7 Differential gene expression and functional enrichment analyses of risk groups

          



          		

            2.8 Immune cell infiltration analysis

          



          		

            2.9 Construction of a cellular model of IRI

          



          		

            2.10 Animal model of IRI

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 MRG/FRG expression

          



          		

            3.2 PPI, miRNA, TF, and small molecule compound interaction networks of differentially expressed MRGs/FRGs

          



          		

            3.3 Molecular subtyping

          



          		

            3.4 Prognostic marker selection and risk score calculation and evaluation

          



          		

            3.5 Differential gene expression and enrichment analyses in RS groups

          



          		

            3.6 Hypoxia results in HK2 cell injury

          



          		

            3.7 IRI led to the impairment of renal function in mice

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1117297-g004.jpg
(¢}

IL-6 (pg/ml)

QL 001

Control

GruRA |

Hypoxia

o2z 35%)]

400.

300-

200

100

AV
o
500 “ 300 ”
— —

= 400 -T- = FS
£ = £ 200 =
3 300
= o
3 200 a
& 3 100
Z 100 5

0 o

Control

MDA (nm

o -

Merge 400% DAPI

40

o

20

PX4(n

G

JC-1 monomers

NADPH( pmol/mL)

JC-1 aggregates

8






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1117297-g002.jpg
A

NMF rank survey
cophenetic dispersion evar sparseness
095 0997
0.704 0125
0.904 09954
0654
0854 0.9954 a0e
0604
0.075
0804 055 09944
0050
2345678910 2345678910 2345678910 2345678910
residuals silhouette Measure type
1.00
35000 Coiad -o- Basis
300004 404054 L - Bestfit
250004 0.501 -8~ Coefficients
364054
200004 0254 e~ Consensus
- NA

Expression level

2345678910

2

345678910

2345678910

Consensus matrix

Cc D
Individuals - PCA
02+
z
& 00— = = - -'E
Cluster 2
~ © 0.504
e 1 a
§-02- 4 2 s
a 2
S 025 p<0.0001
0=
= cluster_1 =i« cluster_2
0.004
-06- v T v v v
0 10 20 30 40 50
Dim?1:(99.3%) Time (month)
E ‘ Cluster 1 ‘ Cluster 2
ns  ns ns Y ns  ns ¥ ns  ns T T s T m
g o4
.""i
o
Q
§
= 02 ‘
©
(]
0.0 *
S 'L @ L P @
& & O @ @ N 3 2@ N Gl @ N 5
%@D & _\\\\'b\ &;}\ oé\\ Q)Q & ng ‘\\ﬂ} &e‘\ o‘ﬁ\ o&‘\ ,\\gb‘ ??\\ (b& o-\\@ &e\\ u® 690 QQ ro& &
S P T PP P FTF PSS NS E
Mo FF € K &K PV E e @S & L&
& & ) & g & @ S @
® & & W W N & P A’ o &L
& W 00“ &) & AT N
‘2 S :
Q @ & . <¥
& &S
&S
F Bl Cluster1 [EF Cluster2
= w 3 T 3 s L o o Y =

14

-_—— =

cluster
i

u2

basis

u

u2
consensus
1

u2

silhouette

loss
026





OEBPS/Images/fimmu-14-1117297-g005.jpg
Sham

g8 8 8 °
3 ] 2
(1n0wn)adg

come

comme

N AN NN

T w75 We s

%o

s

AN N -

AN A

078
ozs

N
Aususp poziewou

100

s
o7s

H %

%,
%
ogn o
uopssaadxa YW dAnEPL
a 2 ﬁﬂé
%, [ %,
“% i %
S £ ¢
adan o S14a9 Jo

wojssaadxa VW AAEIDA

%
LI S
TILLSOS Jo
uopssoadxa YN oApEpA

%
]
¢ 8 3 3
1opuny jo

uopssaidxs v\ SADEIL

[a)

uossaadxa YN W AANEPS

TE—

%

STy LT e
VINMAD Jo
uopssaadxa NI oADEA

-
—,
&

“a,
%
L S
zani o
uopssaxdxa VN ABLRI

Sham






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1117297-g003.jpg
Time dependent ROC

== riskgroup=High =t= riskgroup=Low

1.004

] 20754
© =
£
o
(]
5 3
[72]
8 8.0.504
) — 1year AUC = 0.757 ©
= — 2 year AUC = 0.766 2
— 3year AUC = 0.708 g
@ 0.254
p < 0.0001
0.004
T T T T T T
0.0 0.2 9.4 . -0.6 08 1.0 0 10 20 30 40 50
Faise positive rate :
Time (month)
c Risk group B3 High [E& Low
an wees g weNE g one S5 S8 np n s 8% o SN [ S8 mp hp g s WK dees
S o & 4 O & g
& 0\40\\\ e”@ Qv‘& P a'ﬁ & e"\'& (5\@\&@5‘\0 °<$\ QQ& f \@@b eé\o c}‘@\ @5 b'b 9 ve’ ¥
& T ¢ '&Dq‘\oﬁ$’o@ F P T 0,,&'06'?’ PN & & s
5'0% iy & ¢ 0‘}0 '0‘}0 fo"@q \‘P\ = &\\a "'da ¢ @&o @@f Ké;\\(y\‘?‘p? @’\
& W E W & ¥ S < F P
< & e A <&
& <S





OEBPS/Images/fimmu.2023.1117297_cover.jpg
& frontiers | Frontiers in Immunology

Gene signature and prediction model of the
mitophagy-associated immune
microenvironment in renal ischemia-
reperfusion injury





