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Background

Lipid metabolism disorder, as one major complication in patients with chronic kidney disease (CKD), is tied to an increased risk for cardiovascular disease (CVD). Traditional lipid-lowering statins have been found to have limited benefit for the final CVD outcome of CKD patients. Therefore, the purpose of this study was to investigate the effect of microinflammation on CVD in statin-treated CKD patients.



Methods

We retrospectively analysed statin-treated CKD patients from January 2013 to September 2020. Machine learning algorithms were employed to develop models of low-density lipoprotein (LDL) levels and CVD indices. A fivefold cross-validation method was employed against the problem of overfitting. The accuracy and area under the receiver operating characteristic (ROC) curve (AUC) were acquired for evaluation. The Gini impurity index of the predictors for the random forest (RF) model was ranked to perform an analysis of importance.



Results

The RF algorithm performed best for both the LDL and CVD models, with accuracies of 82.27% and 74.15%, respectively, and is therefore the most suitable method for clinical data processing. The Gini impurity ranking of the LDL model revealed that hypersensitive C-reactive protein (hs-CRP) was highly relevant, whereas statin use and sex had the least important effects on the outcomes of both the LDL and CVD models. hs-CRP was the strongest predictor of CVD events.



Conclusion

Microinflammation is closely associated with potential CVD events in CKD patients, suggesting that therapeutic strategies against microinflammation should be implemented to prevent CVD events in CKD patients treated by statin.
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Introduction

In the death of patients with chronic kidney disease (CKD), cardiovascular events are the uppermost factors. Dyslipidaemia has been proved to be one leading risk factor for cardiovascular disease (CVD) in CKD patients (1, 2). Therefore, hyperlipidaemia has been a main target for statin therapy in CKD patients. However, some studies have revealed a U-shaped relationship between the plasma cholesterol level and CVD mortality among patients with end-stage renal disease (ESRD), indicating an increase in mortality related to CVD when the plasma low-density lipoprotein (LDL) level declined to normal or below normal (3). This result suggests that ESRD patients with low plasma cholesterol levels (within or less than the normal range) tend to suffer a more severe atherosclerotic burden (4). Furthermore, AURORA and 4D clinical trials both demonstrated that statins lowered the plasma LDL cholesterol level of ESRD patients undergoing maintenance dialysis but had no significant effect on CVD events (5, 6). The mechanisms leading to this phenomenon have still not been elucidated. Some studies have reported that the plasma cholesterol levels are negatively correlated with CVD events in ESRD patients, which could be ascribed to the cholesterol-lowering effect of systemic microinflammation. Interestingly, the JUPITER clinical trial demonstrated that strict control of the level of hypersensitive C-reactive protein (hs-CRP) can reduce CVD events (7). Recently, the CANTOS clinical trial further demonstrated that the chances of continual CVD events decreased drastically by the anti-inflammatory therapy targeting the interleukin-1β innate immunity pathway. What’s more, the lipid-lowering effects were excluded in this study (8). We previously demonstrated microinflammation-induced cholesterol redistribution from peripheral tissues to the liver and from extracellular to intracellular regions, resulting in hypolipidaemia and accelerating kidney injury, atherosclerosis, and nonalcoholic fatty liver disease (9–13). This redistribution was mainly caused by microinflammation-mediated disruption of cholesterol homeostasis, which is characterized by increased cholesterol uptake modulated by the LDL receptor and CXC chemokine ligand 16 (CXCL16) pathways and the reduction of cellular cholesterol efflux mediated by the ATP-binding cassette transporter A1 (ABCA1) pathway (9–13).

Microinflammation refers to chronic, persistent, low-grade existing inflammation that is not the result of infections by pathogenic microorganisms. The abovementioned series of studies show that microinflammation plays crucial role in the occurrence of CVD events in CKD patients. However, more clinical data is needed to confirm the possible synergistic effects of microinflammation with lipid metabolism disorder and the therapeutic effect of statins on CVD in CKD patients under the condition of microinflammation.

Hs-CRP, as a sensitive indicator of inflammation, has been proved to be not only the independent risk factor of cardiovascular disease but also mediator of atherosclerosis through IL-1-to-IL-6-to-CRP signalling pathway by CANTOS trial (8). Sub-analysis of FOURIER trials reveals a stepwise risk process in accordance with the baseline values of hs-CRP and no correlation between dramatic reductions of LDL-C with status for hs-CRP (14). Consequently, although the causal relationship between hs-CRP and LDL-C as well as CVD events is still questionable, hs-CRP represents a major biomarker of inflammation and risk factor in CVD.

Machine learning (ML) is an important branch of artificial intelligence (AI) in which computer systems are used to learn algorithms and statistical models from sample statistics and past experience. Current popular machine learning algorithms include the support vector machine (SVM) (15), random forest (RF) (16), logistic regression (LR), K nearest neighbours (KNN), and neural network (NN) (17). Machine learning has been widely used in disease prediction (18), patient categorization (19), computer-assisted diagnosis, and genomic medicine (20).

Therefore, this study was aimed to establish prediction models for LDL and CVD events using machine learning algorithms and evaluate the association among microinflammation, the plasma LDL level, and CVD events in CKD patients to provide evidence for making clinical decisions.



Materials and Methods


Data Collection of CKD Patients

The electronic medical record (EMR) system in Zhong Da Hospital has been in operation since 2013, and 11932 EMRs of patients hospitalized in the renal department are available up to September 2020. According to the inclusion criteria of this study, we extracted a total of 2578 EMRs of CKD patients with hs-CRP results. We found complete data for 914 cases of EMRs, including serum creatinine (Scr), body mass index (BMI), serum alanine transaminase (ALT), serum aspartate transaminase (AST), serum albumin, total cholesterol (TC), blood glucose, haemoglobin, erythrocyte sedimentation rate (ESR), systolic blood pressure, diastolic blood pressure, white blood cells, age, sex, and use of statins. The types of statins used were not subdivided in this study. All patients included in this study were not treated with ezetimibe. All subjects signed the written informed consent. The study was approved by the ethics committee of Zhongda hospital, Southeast University. For protection, all private information was removed before publication.



The Definition of CKD and CVD Events in This Study

The data extracted from the EMR system were used to screen patients diagnosed with CKD or ESRD based on the International Classification of Diseases (ICD) code (Supplementary Table 2). The CVD events referred in this study mainly include the following cardiovascular end points: cardiovascular death, non-cardiovascular death, unknown cause of death, myocardial infarction, unstable angina pectoris, heart failure events, percutaneous coronary intervention, peripheral vascular intervention, stent thrombosis. In addition, cardiac dysfunction and myocardial injury are taken as potential CVD events. Indices reflecting cardiac function, including creatine kinase isozyme (CK-MB), myoglobin (MYO), and troponin I (TnI), were collected. We analysed these cardiac-related indices to elucidate the effects of microinflammation on CVD events in statin-treated CKD patients.



Establishment of Predictive Models

The laboratory results were used to develop predictive models to analyse potential indicators of lipid profiles and CVD events. To elucidate the effect of microinflammation on these results, two sets of models for use in machine learning were established, and the Gini points were evaluated. With the support of ML, we managed predicting models with data after imputation. The mean value was taken to make up for imputation. 751 EMRs, accounting for 30% of the aggregate data, were randomly selected as the test set. 70% of the aggregate data, including the remaining complete data and the data after imputation, were used as training set.



Label Definitions

Continuous variables and indices of drug usage were treated as classified variables for modelling purposes. The details are presented here. (1) LDL: Three levels were assigned based on the clinical normal LDL value: 0 for an LDL above 3.62, 2 for an LDL less than 2, and 1 for all other LDL values. (2) Use of statins: Doctor-recommended statin use was labelled 1, and other statin use was labelled 0. (3) Sex: Females were labelled 1, and males were labelled 0. (4) CVD-related indices: One (or more) abnormal indices out of the three CVD indices was marked as ‘positive’, and other cases were marked as ‘negative’.



Determination of eGFR

The estimated glomerular filtration rate (eGFR) was calculated by a simplified formula for the modification of diet in renal disease (MDRD).

	




Supervised Learning Classifiers

RF, LR, SVM, NN, and KNN were applied using a Python code to predict the LDL level and CVD-related indices, including TnI, CK-MB, and MYO. All the factors were included in the models. The LDL level and CVD were classified to make the prediction a classification task. The models were evaluated in terms of the accuracy and area under the curve (AUC). A fivefold cross validation method was employed to prevent the problem of overfitting.



Statistical Analysis

Demographic, clinical, and treatment characteristics were retrospectively analysed. Continuous data were represented as means, and nonnormally distributed data were represented as medians and interquartile ranges and the categorical data were reported as number and percentage. Disaggregated data were expressed as figures and percentages. Python 3.7.6 (https://docs.python.org/3.7) and StataMP software (Version Stata 16 MP) were used to perform the analysis.




Results


Study Population

A total of 11932 EMRs were collected, of which 2578 EMRs were diagnosed as CKD with hs-CRP determination reports. Based on clinical experience, 15 features were selected as variables for the prediction model. After deleting any entries with missing data, a total of 914 EMRs were finally included. In addition, 534 of these 914 EMRs had indicators reflecting heart function, including TnI, CK-MB, and MYO (Figure 1).




Figure 1 | Study population. From the initial database with 11932 EMRs, 2578 EMRs of CKD patients with hsCRP results were selected firstly. Then, among the 987 EMRs with complete 15 features included, 73 EMRs were excluded. Finally, 914 EMRs and 534 EMRs were used for prediction for lipid metabolism disorder and CVD events respectively. EMRs, Electronic Medical Record; CKD, Chronic kidney disease; hsCRP, hypersensitive C-reactive protein; LDL, low-density lipoprotein; CK-MB, creatine kinase isozyme; MYO, myoglobin; aTnI, Troponin I; CVD, cardiovascular disease.





Clinical Characteristics of CKD Patients

The 914 EMRs were used to establish an LDL prediction model. The median age of the LDL cohort was 61, and 58.75% of the patients were male. The median eGFR of the patients enrolled in the LDL cohort was 9.01 ml/min/1.73 m2 (interquartile range: 5.99-16.92 ml/min/1.73 m2). A total of 58.53% of the patients had low-density lipoprotein ranging between 2 and 3.62 mmol/L, which was classified as level 1. Other demographic descriptions, clinical characteristics, and statin treatment methods are shown in Table 1.


Table 1 | Clinical characteristics of patients in predicting model of LDL.



Of the 914 EMRs, 380 records were deleted because of the absence of data on cardiovascular function. Finally, 534 EMRs were selected to predict CVD events. The demographic description, clinical characteristics, and statin treatment used are shown in Table 2. A total of 58.61% of the CVD cohort was male, which was similar to the LDL cohort. The median hs-CRP and ESR of the CVD cohort was 4.64 mg/L and 35 mm/L, respectively, which were clearly higher than those of the LDL cohort. In addition, a higher percentage of patients were treated with statins in the CVD cohort (26.03%) than in the LDL cohort (21.66%).


Table 2 | Clinical characteristics of patients in predicting model of CVD.





LDL Prediction Model

Figure 2A shows that the RF and LR were the best performing models. The models developed using RF and LR had comparable accuracies (82.27% and 82.71%, respectively) and the same AUC of 0.94. In addition, we determined an importance ranking by computing the Gini index using the RF algorithm. All factors were included in the establishment of RF model. The importance ranking results are shown in Figure 3. Among the various predictors, TC was the most important for the analysis, and the use of statins and sex were the least important. Except for TC, hs-CRP had a significant influence on the outcome.




Figure 2 | Performance of 5 types of predicting models of LDL (A) and CVD (B) LDL, low-density lipoprotein; CVD, cardiovascular disease; KNN, K Nearest Neighbors; LR, logistic regression; NN, neural network; SVM, support vector machine.






Figure 3 | Contribution of predictors of LDL level in CKD patients with micro-inflammatory. ALT, serum alanine transaminase; AST, serum aspartate transaminase; Alb, serum albumin; TC, total cholesterol; Glu, blood glucose; Hb, haemoglobin; ESR, erythrocyte sedimentation rate; BMI, body mass index; WBC, white blood cells; hsCRP, hypersensitive C-reactive protein; eGFR, estimated glomerular filtration rate.





CVD Prediction Model

We trained 5 types of models similarly to predict CVD-related indices. Table 3 shows that RF was the best performing model, with an accuracy of 74.15% and an AUC of 0.69. The LR model exhibited the second-best performance, with an accuracy of 73.4% and an AUC of 0.69. Figure 2B shows that four models had the same AUC of 0.69 (whereas KNN had a different AUC), which indicated that these four models had strong prediction ability.


Table 3 | Comparison of validation result of LDL and CVD models.



Similarly, the Gini point of the predictors in the CVD model was evaluated and is presented in Figure 4. As for the LDL model, the use of statins and sex were the least important predictors. hs-CRP was the strongest predictor of CVD events using this model and therefore had the highest impact on the outcome. Age, white blood cells, and blood glucose were very fairly important predictors.




Figure 4 | Contribution of predictors of CVD index in CKD patients with micro-inflammation. ALT, serum alanine transaminase; AST, serum aspartate transaminase; Alb, serum albumin; TC, total cholesterol; Glu, blood glucose; Hb, haemoglobin; ESR, erythrocyte sedimentation rate; BMI, body mass index; WBC, white blood cells; hsCRP, hypersensitive C-reactive protein; eGFR, estimated glomerular filtration rate.





Performance Comparison of Five Models

Five supervised classification models were generated to predict LDL and CVD events. Table 3 shows the cross-validation results obtained using each algorithm. RF and LR exhibited the best performance for the LDL model with an AUC of 0.94 and high accuracy. For the CVD model, random forest exhibited the highest accuracy of 74.15%, and the AUCs of RF, LR, and SVM were almost the same, indicating that these models had the same prediction performance. However, KNN performed poorly for both the LDL and CVD models, with AUCs of 0.71 and 0.55, respectively.



Performance Comparison of Models Before and After Imputation

The performance of models improved slightly according to performance of the AUC-ROC (Supplementary Figure 1) and accuracy, especially in algorithms like RF (from 82.27% to 83.61%) and LR (from 82.27% to 84.02%) after imputation (Supplementary Table 1). There were some slight changes in the importance rankings of predictive models. Nonetheless, the ranking of valued labels, including use of statin (Supplementary Figure 3) and hs-CRP, did not change in the LDL models. Meanwhile, ‘hs-CRP’ stayed in the first place and ‘use of statin’ (Supplementary Figure 2) remained falling behind, from the penultimate to tailender.




Discussion

CKD is an independent hazard factor for coronary disease (21). LDL cholesterol is the main therapeutic target among lipoproteins leading to dyslipidaemia in CKD patients. Statins are inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) and mainly inhibit endogenous cholesterol synthesis. However, some studies have shown very limited benefits of using statins as lipid-lowering therapy to prevent CVD events in the CKD cohort, especially under microinflammatory conditions. Storey et al. studied the relationship between CRP and CVD events in the Sharp trial (22). The results obtained based on more than 2.5 years of follow-up showed that a 3-fold increase in CRP was associated with a 28% increase in the occurrence of major CVD events. Thus, microinflammation not only accelerated the progression of CVD in patients with CKD but also weakened the effect of statins as lipid-lowering therapy. However, these results need to be confirmed by more clinical data, especially from cohorts of Chinese CKD patients.

Through this study, a prediction model for LDL levels was established with a variety of indicators, including microinflammation and lipid-lowering treatment. The total cholesterol level had the highest importance ratio, whereas statin use was the second-least important predictor and was not even as influential as blood pressure. This result could be related to microinflammation, because the lipid-lowering effect of statins is considerably reduced under microinflammatory conditions. Furthermore, the LDL prediction model showed that the plasma total cholesterol level of CKD patients had the strongest correlation with LDL, which could be attributed to lipid metabolism disorder in CKD patients. Hs-CRP had a high importance rank, indicating that microinflammation plays a more important role in the modulation of lipid metabolism disorder in CKD patients than in LDL patients. These findings suggest that more attention should be given to anti-microinflammation therapy rather than simply reducing the plasma cholesterol levels of CKD patients.

Second, we established a CVD prediction model to explore the correlation between microinflammation and CVD in CKD patients. The accuracy and AUC of the CVD models were less than 75% and 0.7, respectively. We determined the importance rank of each feature in the CVD model. Hs-CRP was the most important predictor, and statin use and the LDL level were relatively less important, suggesting that microinflammation is more important than the blood lipid level in the progression of CVD in patients with CKD. Combining the results of previous studies with those obtained using our LDL model shows that microinflammation has a dual effect (on the blood lipid level and the onset of CVD events) and is therefore the most important risk factor.

FOURIER trails provided robust evidence for CVD prevention as LDL-C lowering of evolocumab was consistent across CKD groups without impacts on hs-CRP values (23). However, combining the positive correlation between hs-CRP and CVD events in patients who achieving relatively lower LDL-C levels (14) with our findings in this study, an inference could be drawn that inflammation could be the actual principal factor when LDL-C is brought at target. Due to the limitations of our research types, more prospective studies are needed to prove this deduction scrupulously.

In addition to LDL-C, studies on HDL also have led an important direction for the inverse association between plasma HDL-C concentration and the risk of CVD. However, due to the high complexity of HDL particles, the causal relationship between HDL-C and the increasing risk of CVD events in CKD patients remains controversial (24). Untersteller et al. showed that neither the quantity of HDL-C nor the composition or function of HDL-C could predict cardiovascular outcome among CKD patients independently (25). Shao et al. found that the protein cargo of HDL-C could be used as a biomarker and mediator for elevated CVD risk in CKD patients (26). Calabresi et al. reported that acquired plasma lecithin cholesterol acyltransferase (LCAT) deficiency was a major cause of low plasma HDL levels in patients with CKD, making it an attractive therapeutic target to reverse dyslipidaemia and reduce potential cardiovascular events (27). Although HDL-C was not included in this study, we thought that more studies are needed to promote our understanding of the progression and occurrence of CVD in patients with CKD.

To evaluate the application of machine learning to clinical databases, the accuracy and AUC of the models were compared using five common algorithms. The random forest had the best performance, followed by LR and SVM, whereas KNN and NN had the poorest and unstable performance.

The aforementioned results could be correlated with the type of data used in this study. Digital data were used in this study, whereas the NN is mainly used for image information processing. Therefore, RF and LR are preferred for clinical data processing. In this process, we thought that the amount of data with all the features was sufficient for model training, and feature filling would destroy the original distribution of data, which was shown in the change order of features after interpolation. Therefore, we used the complete data for model training, and the results were still satisfactory.

Immune cells play an important role in maintaining kidney homeostasis and dealing with renal injury. The destruction of body balance can quickly trigger the metabolic reorganization of kidney immune cells and non-immune cells, which results in microinflammation and tissue damage (28). The susceptibility of CKD patients may contribute to microinflammation, leading to dyslipidemia and increasing the incidence of CVD events. For instance, Chen et al. demonstrated that microinflammation weakened the therapeutic efficacy of statins through the destruction of 3-hydroxy-3-methylglutaryl-CoA reductase feedback regulation (29, 30). Our results in this study demonstrated the correlation between microinflammation and dyslipidemia as well as CVD events in CKD patients. However, the specific mechanisms need to be further studied in the future work.

This study had some limitations. The sample size was not sufficiently large. Some samples were excluded due to incomplete data. Although the model performed well in internal validation, external validation is needed to confirm the results. In addition, this study was cross-sectional and therefore had limited utility for exploring the association among microinflammation, lipid metabolism disorder, lipid-lowering treatment and CVD events, such that a clear causal relationship was not determined.

In summary, we successfully established prediction models for the LDL level and CVD events using five common algorithms, among which RF and LR were proven to be the most suitable for clinical data processing. An analysis of the Gini ranking showed that microinflammation was highly relevant to lipid metabolism disorders in CKD patients and CVD events, which raises concerns about anti-inflammatory treatment. The limited benefit of lipid-lowering treatment under microinflammation warrants further consideration of lipid management for CKD patients.
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Supplementary Figure 1 | Performance of 4 types of predicting models of LDL and CVD after imputation. LDL, low-density lipoprotein; CVD, cardiovascular disease; KNN, K Nearest Neighbors; LR, logistic regression; NN, neural network.

Supplementary Figure 2 | Contribution of predictors of LDL level in CKD patients with micro-inflammatory after imputation. ALT, serum alanine transaminase; AST, serum aspartate transaminase; Alb, serum albumin; TC, total cholesterol; Glu, blood glucose; Hb, haemoglobin; ESR, erythrocyte sedimentation rate; BMI, body mass index; WBC, white blood cells; hsCRP, hypersensitive C-reactive protein; eGFR, estimated glomerular filtration rate.

Supplementary Figure 3 | Contribution of predictors of CVD index in CKD patients with micro-inflammation after imputation. ALT, serum alanine transaminase; AST, serum aspartate transaminase; Alb, serum albumin; TC, total cholesterol; Glu, blood glucose; Hb, haemoglobin; ESR, erythrocyte sedimentation rate; BMI, body mass index; WBC, white blood cells; hsCRP, hypersensitive C-reactive protein; eGFR, estimated glomerular filtration rate.
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Objective

Continuous overactivation of the renal sympathetic nerve is considered to be an important cause of renal fibrosis. Accumulated senescent cells in the damaged kidney have metabolic activities and secrete amounts of proinflammatory factors as part of the SASP (the senescence-associated secretory phenotype), which induce chronic inflammation and fibrosis. It is still unclear whether renal sympathetic nerves affect renal inflammation and fibrosis by regulating cellular senescence. Therefore, we hypothesize that sympathetic activation in the injured kidney induces cellular senescence, which contributes to progressive renal inflammation and fibrosis.



Methods

Renal denervation was performed 2 days before the UUO (unilateral ureteral obstruction) and UIRI (unilateral ischemia-reperfusion injury) models. The effects of renal denervation on renal fibrosis and cellular senescence were observed. In vitro, cellular senescence was induced in renal proximal tubular epithelial cell lines (TKPTS cells) by treatment with norepinephrine (NE). The selective α2A-adrenergic receptor (α2A-AR) antagonists BRL44408 and β-arrestin2 siRNA, were administered to inhibit NE-induced cellular senescence. A significantly altered pathway was identified through immunoblotting, immunofluorescence, immunocytochemistry, and functional assays involved in mitochondrial function.



Results

Renal fibrosis and cellular senescence were significantly increased in UUO and UIRI models, which were partially reversed by renal denervation. In vitro, NE induced epithelial cells secreting proinflammatory cytokines and promoted cell senescence by activating α2A-AR. Importantly, the effects of NE during cellular senescence were blocked by α2A-AR selective antagonist and β-arrestin2 (downstream of α2A-AR) siRNA.



Conclusion

Renal sympathetic activation and cellular senescence are important neurometabolic and neuroimmune mechanisms in the development of renal fibrosis. Renal sympathetic neurotransmitter NE acting on the α2A-AR of epithelial cells promotes cellular senescence through the downstream β-arrestin2 signaling, which is a potential preventive target for renal fibrosis.





Keywords: sympathetic denervation, cellular senescence, neurometabolic, neuroimmune, renal fibrosis.



Introduction

The incidence and prevalence of chronic kidney disease (CKD) have been rapidly increasing in recent years, especially in the elderly (1, 2). The epidemic surveys showed that the prevalence of CKD in the elderly was 3- to 13-fold higher than that in younger individuals (2). In the elderly, the presence of other diseases, such as hypertension, atherosclerosis, and diabetes, could accelerate the age-related decline of renal function (3). Thus, the elderly was more sensitive to renal injury and more likely developed to CKD (4). Similar to aging kidneys (5, 6), pathological changes of CKD included glomerular sclerosis, tubular atrophy, and interstitial fibrosis (7). These findings suggested that CKD was an “accelerated aging” phenotype (8).

Chronic senescent cell accumulation was found in the renal tissues of various CKDs (9). Premature aging deteriorates the health, life quality, and survival time of patients with CKD (10). Uremic toxins accelerated the progress of cellular senescence in CKD (8), while chronic senescent cells accumulating in aging and damaged kidneys ulteriorly drove renal fibrogenesis (9). These senescent cells underwent metabolic reprogramming and produced important proinflammatory and profibrogenic mediators as part of the SASP, which contributed to chronic inflammation and organ fibrosis (11).

The nerves innervating the kidney are composed of efferent sympathetic nerves and afferent sensory nerves (12). Similar to the cardiovascular system, the renal physiological and pathological functions are also regulated by sympathetic nerves (13, 14). It has been proved that efferent sympathetic nerve fibers are distributed in juxtaglomerular granular cells, renal tubular epithelial cells, and renal vasculature (13). In CKD patients, sympathetic excitability was improved, which contributes to CKD progression. Accumulating studies revealed that sympathetic nerve activities and tissue contents of neurotransmitter norepinephrine are increased in CKD patients and experimental animals (15, 16). Renal denervation has been proved to be an effective intervention of renal interstitial fibrogenesis in obstructive nephropathy and ischemia-reperfusion injury animal models (17, 18). Although the potential mechanisms, including disordered inflammatory response, cell cycle arrest, apoptosis-related signaling pathways, and reduced nitric oxide (NO) availability, were indicated to be related to CKD progression induced by sympathetic excitation (16, 19), the exact role and mechanism of the sympathetic pathway are still unclear.

In this study, we sought to clarify the possible mechanism of sympathetic nerves promoting renal fibrosis by inducing cellular senescence. The findings of our study have not only provided more comprehensive neurometabolic/neuroimmune mechanisms for renal fibrosis but also clarified a detailed signaling pathway involved in sympathetic nerve-induced senescence.



Materials and Methods


Mice and Surgical Preparation

Mice aged 8 weeks were grouped as sham-operated, UUO, UIRI, and renal denervation (DNx). UUO and UIRI surgery were performed as described previously (20, 21). Briefly, the UUO-operated group was conducted by ligating completely the left ureter with 5-0 silk sutures. The UIRI group was established in the mice subjected to clamping of the left renal pedicle for 30 min at 37°C. DNx was performed by stripping the sheath and adventitia of the left renal pedicle through the abdominal incision, as previously reported (17, 22). Briefly, after the renal artery and vein were dissected carefully from the surrounding connective tissue, the visible nerve fibers were cut off. Then the renal vessels were painted for 2 min with sterile gauzes soaked in 10% phenol anhydrous ethanol solution to exterminate the remaining nerves. Notably, the body temperature of the mice was kept between 36.6° and 37.2°C during the whole process. Mice were euthanized 10 days after UUO or 18 days after UIRI surgery. All animal procedures were performed following the Huazhong University of Science and Technology of Health guidelines.



Cell Culture and Treatment

Mouse renal proximal tubular epithelial cell lines (TKPTS cells, American Type Culture Collection, Manassas, VA, USA) were maintained using a DMEM-F12 medium (Gibco, Carlsbad, CA, USA), which was added with 10% fetal bovine serum (Gibco). When 40% confluent, cells were serum-free for 8 hours before norepinephrine (10 nM, HY-13715B, MedChemExpress, USA) or H2O2 (100 μM, Promoter Biotechnology, China) treatment for 48 hours. In some experiments, cells were pretreated with Atipamezole (α2-adrenergic antagonist, HY-12380A, MedChemExpress), Butoxamine (β2-adrenergic antagonist, B1385, Sigma), ICI118551 (β2-adrenergic antagonist, HY-13951, MedChemExpress), and BRL44408 (α2A-adrenergic antagonist, ab120806, Abcam, Cambridge, MA, USA) an hour before norepinephrine stimulation.



Transfection of siRNA

β-arrestin2 small interfering RNA (siRNA) was designed and synthesized by Ribobio Biotechnology (Guangzhou, China). The TKPTS cells were transfected transiently with β-arrestin2 or scrambled siRNA diluted in Lipofectamine iMAX (Thermo Fisher Scientific, USA) 24 hours before norepinephrine treatment.



Western Blot Analysis

Protein homogenates were made from the left kidney or the cultured TKPTS cells. Western blot analyses were conducted following the manufacturer’s instructions with specific primary antibodies: fibronectin (15613-1-AP, Proteintech, Rosemont, IL, USA), College 1 (14695-1-AP, Proteintech), α-SMA (ab5694, Abcam), tyrosine hydroxylase (TH, ab112, Abcam), p53 (A3185, ABclonal Technology, China), p21 (14-6715-81, Invitrogen), γ-H2AX (#9718, Cell Signaling Technology, Danvers, MA, USA), α2A-AR (DF3076, Affinity Biosciences), β-arrestin2 (10171-1-AP, Proteintech), VDAC1 (55259-1-AP, Proteintech), COX IV (11242-1-AP, Proteintech), and NF-κB p65 (sc-8008, Santa Cruz Biotechnology). Anti-GAPDH (AC001, ABclonal Technology) or β-actin antibody (AC026, ABclonal Technology) was adopted for loading controls on membranes. Subsequently, the horseradish peroxidase (HRP)-conjugated secondary antibodies (Servicebio, China) were applied to combine the primary ones for 90 min at room temperature. Finally, the ECL system was used to visualize proteins, and the Image J software (NIH, USA) was applied to analyze bands.



Quantitative Real-Time PCR (qRT-PCR)

RNA in kidney tissues or cells was isolated following the RNA extraction process of the manufacturer, which was assisted by the TRIzol (9109, TaKaRa, Japan). The cDNA was synthesized using 1 μg of RNA through a HiScript II Q RT SuperMix for qPCR kit (R222-01, Vazyme) at 50°C for 15 min and 85°C for 5 s. After using a ChamQTM Universal SYBR® qPCR Master Mix kit (Q711-02, Vazyme), qRT-PCR was performed on a Roche Light 480 II system. Mouse GAPDH or β-actin was used as the housekeeping gene, and the 2-ΔΔCt method was adopted to calculate the relative quantitative evaluation of the target genes. Table 1 shows the primer sequences.


Table 1 | The primer sequences used for qRT-PCR.





Histology, Immunohistochemistry, Immunofluorescence

Mouse paraffin-embedded kidney sections (4-µm thickness) fixed in 4% paraformaldehyde were subjected to the Periodic Acid-Schiff (PAS) Stain, Sirius Red Stain, and Masson Stain according to the manufacturer’s procedures. Immunohistochemistry and immunofluorescence were performed following the manufacturer’s protocols with specific antibodies against α2A-AR (A2809, ABclonal Technology) and β-arrestin2 (10171-1-AP, Proteintech). Samples were exposed to peroxidase-conjugated secondary antibodies followed by incubation with hematoxylin to visualize the cell nuclei for immunohistochemistry. As for immunofluorescence, samples were incubated with fluorescence-labeled secondary antibodies (Servicebio), and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Finally, representative images were acquired by using a fluorescence microscope.



SA-β-gal, MitoTracker, and TMRE Staining

TKPTS cells cultured on plates were performed SA‐β‐gal,MitoTracker, and TMRE staining according to the guides of the manufacturer. SA‐β‐gal staining was used to test the β‐galactosidase activity (C0602, Beyotime Biotechnology, Shanghai, China) for the detection of senescence. MitoTracker deep red (9082P, Cell Signaling Technology) and Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE, T669, Thermo Fisher Scientific) staining were adopted to measure mitochondria and mitochondrial membrane potential. TKPTS cells were incubated in MitoTracker (100 nM) or TMRE (200 nM) at 37°C against the light for 30 min before performing the fluorescence activation.



Transmission Electron Microscopy

TKPTS cells cultured on plates were collected and prepared for assessing mitochondrial morphology using a transmission electron microscope provided by the Electron Microscope Center of Renmin Hospital of Wuhan University.



Immunoprecipitation

Lysates containing 4 mg of total protein were made using NP40 lysis buffer (Promotor, Wuhan, China) in TKPTS cells cultured on plates and were incubated with 4 μg of an anti-β-arrestin2 antibody at 4°C overnight. Normal IgG (2729S, Cell Signaling Technology) was used as a negative control. Then Protein A/G Plus Agarose (sc-2003, Santa Cruz Biotechnology) was put into the compound for 8 hours at 4°C. After the beads were washed 3 times, the lysates were resuspended and boiled. Immunoblotting was operated as a method of Western blot.



Statistical Analyses

Data among multiple groups were assessed by one-way ANOVA followed by Tukey’s multiple comparisons test, and data between two groups were analyzed via nonparametric two-tailed unpaired t-tests through the GraphPad Prism software for Windows Version 8.0 (La Jolla, CA, USA). All data were shown as means ± SEMs. P values < 0.05 mean statistical significance. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.




Results


Renal Denervation Inhibits Renal Fibrosis During UUO and UIRI

To assess whether sympathetic nerves are involved in renal fibrosis, we constructed renal denervation (DNx) 2 days before UUO and UIRI. Light microscopy indicated interstitial fibrosis in the UUO-10d and UIRI-18d mice, but not in the sham-operated group, which was dramatically reduced after DNx treatment (Figures 1A, B). The effectiveness of DNx was confirmed by a significantly diminished expression of tyrosine hydroxylase (TH), a marker of sympathetic nerve fibers (17, 18), suggesting that the model of renal denervation was successfully performed (Figures 1C, D). By analyzing the effects of renal denervation on protein and mRNA expression, we showed that renal denervation attenuated profibrotic protein production in UUO or UIRI mice, which was measured by fibronectin (FN), collage 1 (Col 1), and α-SMA (Figures 1C–H). Taken together, these results indicate that sympathetic activation is closely related to renal fibrosis, and renal denervation has an obvious effect on reducing interstitial fibrosis.




Figure 1 | Renal denervation inhibits the fibrotic phenotype during UUO and UIRI. C57BL/6 mice were subjected to UUO or UIRI manipulation 2 days after renal denervation (DNx) or sham operation in the left kidneys. (A, B) Representative histology of kidney sections from sham-operated, UUO/UIRI mice, and DNx+UUO/UIRI mice stained with periodic acid–Schiff, Sirius Red, and Masson’s trichrome stain. Scale bar, 50μm. (C, D) Representative Western blot of fibronectin (FN), Collagen I (Col 1), α-SMA, and Tyrosine Hydroxylase (TH) in the kidney tissue of sham-operated, UUO/UIRI mice, and DNx+UUO/UIRI mice with densitometry analysis (E, F). (G, H) Representative mRNA expressions of FN, Col 1, and α-SMA in the kidney tissue of sham-operated, UUO/UIRI mice, and DNx+UUO/UIRI mice using qRT-PCR analysis. n=3–7 in each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars represented means ± SEM.





Renal Denervation Reduces Renal Senescence and Inflammation After Kidney Injury

Recent work has indicated that increasing cellular senescence acts as a key contributor to renal inflammation and fibrosis (23, 24). To analyze the effect of renal sympathetic nerves on renal senescence, we detected expressions of senescence-related proteins and senescence-associated secretory phenotype (SASP) in intact or denervated kidneys. Protein expressions of p53, p21, and γ-H2AX (senescent markers) were increased in intact kidneys induced by UUO or UIRI, whereas renal denervation significantly attenuated their expression (Figures 2A–D). Proinflammatory genes, as part of the SASP, are expressed by senescent cells (25). Our results demonstrated that senescence-related symbols (p53, p21, p16, HMGA2, H2AX) and inflammatory components of the SASP (TGF-β1, IL-6, IL-8, and IL-1β) were elevated in mice of UUO or UIRI, which were decreased in denervated kidneys (Figures 2E, F). Taken together, these data demonstrate that cellular senescence is closely related to renal inflammation and fibrosis, and renal denervation inhibits cellular senescence.




Figure 2 | Renal denervation reduces renal senescence and the expression of proinflammatory cytokines after kidney injury. Renal denervation (DNx) or sham operation was performed 2 days before the UUO or UIRI model in the left kidneys of mice. (A, B) Representative Western blot of senescence-related proteins p53, p21, and γ-H2AX in sham-operated, UUO/UIRI, and DNx+UUO/UIRI kidneys with densitometry analysis (C, D). (E, F) mRNA expressions of senescence-related markers p53, p21, p16, HMGA2, H2AX, and senescence-associated secretory phenotype (SASP) TGF-β1, IL-6, IL-8, and IL-1β in the kidney tissue of sham-operated, UUO/UIRI mice, and DNx+UUO/UIRI mice as shown by qRT-PCR analysis. n=3–10 in each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars represented means ± SEM.





NE Triggers Cellular Senescence and Upregulates Proinflammatory Cytokines and Profibrogenic Factors in Renal Tubular Cells

As a primary neurotransmitter released by the sympathetic nerve fibers, NE participates in kinds of renal physiological functions, including renal blood flow, renal tubular reabsorption of sodium and water, as well as the neural control of renal functions (26). To identify the effect of sympathetic activity on renal fibrosis and cellular senescence, TKPTS cells were utilized and treated with exogenous NE to imitate the state of sympathetic activation. As shown in Figures 3A–D, Western blot analysis revealed that NE markedly increased the levels of senescence-related proteins (p21, H2AX) and profibrotic proteins (FN, Col1) in a time- and concentration-dependent manner. The optimal exposure concentration and time of NE were 10 nM and 48 hours, respectively. Thus, TKPTS cells were harvested with NE (10 nM) for 48 hours in the following experiments. Notably, in the NE-treated group, the expression levels of p53, p21, and γ-H2AX were significantly increased, which was similar to the results from TKPTS cells for the indicated periods after hydrogen peroxide (H2O2) treatment [a classic stimulator of cellular senescence (27)] (Figure 3E). Compared with basal conditions, NE-/H2O2 treatment induced a significant increase in the enzymatic activity of SA-β-Gal (senescence-associated β-galactosidase), a hallmark of senescence (Figure 3F). Furthermore, RT-PCR results showed that the mRNA levels of senescence-related proteins (p53, p21, p16, HMGA2, H2AX), SASP components (IL-6, IL-8, IL-1β, TGF-β1), and profibrogenic growth factor CTGF were increased by NE stimulation, which was consistent with the results in the H2O2 group (Figure 3G). These data suggest that NE contributes to renal tubular cell senescence and upregulates proinflammatory and profibrogenic components.




Figure 3 | Norepinephrine contributes to cellular senescence and upregulates profibrogenic and proinflammatory cytokines in renal tubular cells. (A, B) Representative Western blot of p21, γ-H2AX or FN, Col 1 in TKPTS cells cultured with PBS (control) or different concentrations of NE (0.1 nM, 1 nM, 10 nM, 100 nM, 1 μM, 10 μM, and 100 μM) (n=3 in each group). (C, D) Representative Western blot of γ-H2AX or FN, Col 1 in TKPTS cells incubated with PBS (control) or NE at a final concentration of 10 nM for the indicated periods (1, 6, 12, 24, 48, and 72 hours) (n=3 in each group). (E–G) TKPTS cells were incubated with NE (10 nM) or H2O2 (100 μM) for 48 hours and were then harvested. (E) Representative Western blot of p53, p21, and γ-H2AX in TKPTS cells treated with PBS, NE, or H2O2 with densitometry analysis (n=3–5 in each group). (F) Representative images of cell morphology and SA-β-gal staining of TKPTS cells treated with PBS, NE, or H2O2 using a microscope (n=3 in each group). Scale bar=50 μm. (G) mRNA levels of senescence-related proteins (p53, p21, p16, HMGA2, H2AX), SASP components (IL-6, IL-8, IL-1β), and profibrotic cytokines (TGF-β1, CTGF) in each group were detected by qRT-PCR analysis (n=3–7 in each group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars represented means ± SEM.





The α2A-Adrenergic Receptor Is Responsible for NE-Induced Cellular Senescence

NE participates in signal transductions through the adrenergic receptors (ARs), a member of the GPCR families. ARs consist of two α-AR (α1-, α2-AR) and three β-AR (β1-, β2-, β3-AR) (28). Thus, we investigated the roles of ARs in cellular senescence using their antagonists. Firstly, cDNA was used to determine the mRNA expression levels of five AR coding genes (ADRA1B, ADRA2A, ADRB1, ADRB2, and ADRB3) (29). Results showed that ADRB2 (coding β2-AR) and ADRA2A (coding α2A-AR) were enriched in TKPTS cells (Figure 4A). Furthermore, the expression of ADRB2 and ADRA2A were upregulated after NE treatment (Figure 4B). To identify which adrenergic receptor mediates renal tubular epithelial cell senescence induced by NE, we pretreated TKPTS cells with β2-AR and α2-AR adrenergic antagonists, respectively. Forty-eight hours after NE stimulation, cells pretreated with α2-AR antagonist Atipamezole (ATI) at the concentrations of 10–100 μM showed significant reductions in p21 and γ-H2AX protein levels (Figure 4C), whereas treatment with the two β2-AR antagonists (Butoxamine and ICI118551) showed no reductions in p21 and γ-H2AX protein expressions (Figures 4D, E). Consistent with the results from Western blot, RT-PCR analysis also showed that TKPTS cells pretreated with α2-AR antagonist ATI significantly reduced the mRNA levels of senescence-related proteins (p53, p21, p16, HMGA2, H2AX) and proinflammatory cytokines (IL-6, IL-8, IL-1β) (Figure 4F). These data suggest that NE induces cellular senescence through α2-AR, and pretreatment with the α2-adrenergic antagonist suppresses the senescence phenotype and inflammatory response induced by NE.




Figure 4 | Atipamezole (α2-adrenergic antagonist) reverses cellular senescence induced by NE in renal tubular cells. TKPTS cells were incubated with NE (10 nM) for 48 hours after pretreatment with adrenergic antagonists or PBS for an hour. (A, B) mRNA expressions of ADRA1B, ADRA2A, ADRB1, ADRB2, and ADRB3 in PBS (control) or NE-treated TKPTS cells as shown by qRT-PCR analysis (n=3–8 in each group). (C) Representative Western blotting of p21 and γ-H2AX in TKPTS cells treated with PBS, NE, and NE+ATI (Atipamezole, 100 nM, 1 μM, 10 μM, and 100 μM) with densitometry analysis (n=3 in each group). (D, E) Representative Western blotting of p21 and γ-H2AX in TKPTS cells incubated with PBS, NE, and NE+BUT (Butoxamine)/ICI (ICI118551) (two β2-adrenergic antagonists, 100 μM, 10 μM, 1 μM, and 100 nM) with densitometry analysis, respectively (n=3 in each group). (F) mRNA expressions of p53, p21, p16, H2AX, IL-6, IL-8, and IL-1β in TKPTS cells cultured with PBS, NE, and NE+ATI (10 μM) as displayed by qRT-PCR analysis (n=3–8 in each group). *P < 0.05, **P < 0.01, ***P < 0.001. Bars represented means ± SEM.



α2-AR consists of α2A-AR, α2B-AR, and α2C-AR subtypes. Kable JW et al. demonstrated that the classical pharmacological actions of α2-AR were mainly mediated by the α2A-AR subtype, including antihypertensive, sedative, analgesic, and so on (30). Thus, in the present study, α2A-AR expression in renal tissue and TKPTS cells was further examined. Results showed that α2A-AR was significantly increased in kidney sections from UUO or UIRI mice, whereas renal denervation markedly lessened α2A-AR expression (Figures 5A, B). Moreover, compared with the control group, the expression of α2A-AR was significantly increased in cells treated with NE (Figures 5C, D). To test whether α2A-AR contributes to tubular epithelial cell senescence induced by NE, selective α2A-AR antagonist BRL44408 (BRL, 10 μM) was applied to TKPTS before NE stimulation. Western blot analysis demonstrated that BRL pretreatment significantly decreased the expression of p53, p21, and γ-H2AX compared with that in the NE group (Figure 5E). What is more, BRL pretreatment abolished NE-induced increase in the mRNA expressions of senescence-related proteins (p53, p21, p16, HMGA2, H2AX) and SASP components (TGF-β1, IL-6, IL-8, and IL-1β) (Figure 5F). Taken together, these data suggest that α2A-AR plays a crucial role in tubular epithelial cell senescence and is closely associated with inflammatory cytokine expression induced by NE.




Figure 5 | The α2A-adrenergic receptor is responsible for NE-induced tubular epithelial cell senescence. (A, B) Renal denervation (DNx) or sham operation was performed 2 days before UUO or UIRI in the left kidneys of mice. Representative images of immunohistochemistry for α2A-adrenergic receptors (α2A-AR) in sham-operated, UUO/UIRI, mice and DNx+UUO/UIRI mice. Scale bar, 20μm. (C, D) After starving for 8 hours, TKPTS cells were cultured with PBS or NE (10 nM) for 48 hours. α2A-AR expressions were tested by immunofluorescence (C) (Scale bar, 20 μm) and Western Blot (D) (n=3 in each group). (E, F) After pretreatment with PBS or α2A-adrenergic antagonist (BRL4408, BRL, 10 μM) for 1 hour, TKPTS cells were incubated with NE (10 nM) for 48 hours. (E) Representative Western blotting of p53, p21, and γ-H2AX in each group with densitometry analysis (n=4-5). (F) mRNA expressions of p53, p21, p16, HMGA2, H2AX, TGF-β1, IL-6, IL-8, and IL-1β were analyzed using qRT-PCR analysis (n=3–8 in each group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars represented means ± SEM.





α2A-AR/β-Arrestin2 Signaling Contributes to Cellular Senescence Induced by NE

We next explored the signaling pathway downstream of the α2A-AR that promotes cellular senescence. α2A-AR belongs to G protein-coupled receptors (GPCRs). Besides the canonical Gs-cAMP pathway, the GPCR/β-arrestin2 pathway was closely related to organ fibrosis, including liver fibrosis, pulmonary fibrosis, myocardial fibrosis, and renal fibrosis (31–33). In the current study, results showed that the expression of β-arrestin2 was substantially increased on the kidney sections of mice with UUO or UIRI models compared with the sham-operated group as measured by immunohistochemistry and Western blotting (Figures 6A–D). On the other hand, renal denervation lessened the expression of β-arrestin2 compared with the UUO or UIRI group. To further demonstrate the direct effects of the α2A-AR/β-arrestin2 pathway on epithelial cells, we analyzed TKPTS cells in vitro. Immunofluorescence staining showed that β-arrestin2 was substantially increased in the presence of NE compared with control (Figure 6E). Furthermore, we observed the direct colocalization of α2A-AR and β-arrestin2, which was confirmed by analyzing protein–protein interaction using co-immunoprecipitation (Figures 6F, G). Besides, TKPTS pretreated with selective α2A-AR antagonist BRL44408 (BRL) relieved β-arrestin2 expression using Western blot and qRT-PCR (Figures 6H, I), illustrating the direct relationship between β-arrestin2 and α2A-AR. To further illustrate the role of β-arrestin2 on NE-mediated cellular senescence in TKPTS cells, siRNAs (small interfering RNAs) were used to specifically knock down β-arrestin2. As shown in Figures 6J, K, si-Arrb2-1 exhibited the most inhibitory effect on β-arrestin2. Thus, si-Arrb2-1 was used for subsequent experiments. Compared with the NE group, si-Arrb2 restrained the expression of p53 and p21 (Figure 6L). Consistently, the mRNA levels of p21, H2AX, TGF-β1, IL-6, and IL-8 were also prevented by si-Arrb2 pretreatment (Figure 6M). These results indicate that NE activates α2A-AR/β-arrestin2 signaling to induce cellular senescence and proinflammatory responses, and blockade of β-arrestin2 inhibits this process.




Figure 6 | β-arrestin2 is a target of α2A-AR and knockdown of β-arrestin2 ameliorates NE-induced tubular cellular senescence. (A, B) Renal denervation (DNx) or sham operation was performed 2 days before UUO or UIRI in the left kidneys of mice. Representative images of immunohistochemistry for β-arrestin2 in sham-operated, UUO/UIRI mice, and DNx+UUO/UIRI mice. Scale bar, 20 μm. (C, D) Representative Western blotting of β-arrestin2 (β-arr2) in sham-operated, UUO/UIRI, and DNx+UUO/UIRI kidneys with densitometry analysis (n=3–6 in each group). (E–G) TKPTS cells were cultured with PBS or NE (10 nM) for 48 hours. (E) Representative images of immunofluorescence for β-arrestin2 in each group. Scale bar, 20μm. (F) Cells were double-labeled with α2A-AR (green) and β-arrestin2 (red), and cell nuclei were enhanced by staining with DAPI (blue). Colocalization of α2A-AR (green), and β-arrestin2 (red) was visualized as yellow in merged images. Scale bar, 20μm. (G) Interactions between β-arrestin2 and α2A-AR were examined by immunoprecipitation (IP) with an anti-β-arrestin2 antibody, followed by immunoblotting (IB) with anti-α2A-AR antibodies. (H, I) After an hour of pretreatment with PBS or BRL4408, TKPTS cells were stimulated with NE (10 nM) for 48 hours. (H) Representative Western blotting of β-arrestin2 (β-arr2) in TKPTS cells treated with PBS, NE, and NE+BRL (100 nM, 1 μM, 10 μM, and 100 μM) (n=3 in each group). (I) mRNA expression of β-arrestin2 in PBS, NE, and NE+BRL (10 μM)-treated TKPTS cells as measured by qRT-PCR analysis (n=3–6 in each group). (J, K) TKPTS cells were transfected with scrambled siRNA or three β-arrestin2 siRNAs (si-Arrb2-1, si-Arrb2-2, or si-Arrb2-3) for 48 hours. β-arrestin2 (β-arr2) expression was examined by Western blot analysis (J) and qRT-PCR analysis (K) (n=3 in each group). (L, M) TKPTS cells were transfected with scrambled siRNA (si-control) or β-arrestin2 siRNA (si-Arrb2) 24 hours before NE (10 nM) treatment. Representative Western blotting of p53 and p21 in each group with densitometry analysis (L) (n=4–5 in each group). mRNA expressions of p21, H2AX, TGF-β1, IL-6, and IL-8 were tested by qRT-PCR analysis (M) (n=3–6 in each group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars represented means ± SEM.





α2A-AR/β-Arrestin2/NF-κB Signaling Is Involved in Mitochondrial Dysfunction and Cellular Senescence

Considering that the mitochondria status has been closely associated with senescence and aging phenotypes (34), we aimed to determine the response of mitochondria under NE stimulation. We used the voltage-dependent anion channel 1 (VDAC1) and cytochrome c oxidase subunit IV (COX IV), markers representing the mitochondrial outer membrane and the mitochondrial inner membrane, respectively, to represent the mitochondria content (35). VDAC1 and COX IV protein levels were reduced in UUO or UIRI kidneys, whereas renal denervation could rescue their expressions (Figures 7A, B). Besides, NE-treated TKPTS cells showed decreased expression of VDAC1 and COX IV (Figure 7C). These data suggest that sympathetic activation leads to mitochondrial dysfunction.




Figure 7 | α2A-AR/β-arrestin2/NF-κB signaling contributes to mitochondrial dysfunction and cellular senescence. (A, B) Renal denervation (DNx) or sham operation was performed 2 days before UUO or UIRI in the left kidneys of mice. Representative Western blotting of VDAC1 and COX IV in each group with densitometry analysis (n=6). (C) Representative Western blotting of VDAC1 and COX IV in TKPTS cells treated with PBS or NE (10 nM) for 48 hours with densitometry analysis (n=3–6 in each group). (D–F) TKPTS cells were transfected with scrambled siRNA (si-control) or β-arrestin2 siRNA (si-Arrb2) for 24 hours and then incubated with NE (10 nM) for 48 hours. Mitochondrial ultrastructure was observed by transmission electron microscope (D). Scale bar, 1 μm. Mitochondrial mass was tested by MitoTracker deep red probe (100nM) staining (E). Scale bar, 50 μm. Mitochondrial membrane potential was examined by TMRE fluorescent dye (200 nM) (F). Scale bar, 20 μm. (G) Representative Western blotting of NF-κB p65 in TKPTS cells incubated with PBS, NE, and NE+BRL (10 μM) with densitometry analysis (n=4–6 in each group). (H) Representative Western blotting of NF-κB p65 in TKPTS cells of PBS, NE, and NE+si-control, NE+si-Arrb2 with densitometry analysis (n=3-4 in each group). *P < 0.05, **P < 0.01, ***P < 0.001. Bars represented means ± SEM.



Next, we tested whether β-arrestin2 participated in NE-induced mitochondrial dysfunction. As shown in Figure 7D, in the presence of NE, abnormal mitochondrial morphology occurred, including swelled mitochondria and irregular and fragmented mitochondrial crest. However, pretreatment with β-arrestin2 siRNA markedly ameliorated the abnormal morphology of mitochondria using transmission electron microscopy. This result was further confirmed by MitoTracker deep red staining and TMRE, which showed that the application of β-arrestin2 siRNA meliorated mitochondrial mass (Figure 7E) and mitochondrial membrane potential (Figure 7F) in TKPTS cells. Together, these results indicate that β-arrestin2 is exactly involved in NE-induced mitochondrial dysfunction.

NF-κB signaling was reported to play important roles in mitochondrial function, and using NF-κB inhibitors improved the mitochondrial function (36). Moreover, there has been intensive research using models convincingly demonstrating that NF-κB signaling promotes SASP expression in cellular senescence (37, 38). Thus, we hypothesized that NF-κB is related to NE/α2A-AR/β-arrestin2 mediated senescence. As shown by our results, pretreatment with selective α2A-AR antagonist BRL44408 (BRL, 10μM) declined the protein expression of NF-κB p65 compared with the NE group (Figure 7G). Similarly, NF-κB p65 was higher in NE-treated cells as compared with the control group, which was significantly blocked by β-arrestin2 siRNA (Figure 7H). These results illustrate that NF-κB is downstream of α2A-AR/β-arrestin2 signaling in the NE-induced mitochondrial function, which contributes to cellular senescence and inflammatory responses.




Discussion

In the present study, we have demonstrated that renal denervation significantly improved renal fibrosis and cellular senescence in UUO and UIRI mice. Likewise, in our experiments in vitro, NE stimulation could upregulate profibrotic proteins and proinflammatory cytokines in TKPTS cells accompanied by the activation of α2A-AR/β-arrestin2 signaling.

In previous studies, evidence proved that renal denervation improved physiological changes. Renal sympathetic denervation significantly lessened the damage on podocyte and albuminuria in the rat cardiorenal syndrome model and the diabetic nephropathy model (39, 40). In patients with resistant hypertension, sympathetic renal denervation reduced the incidence of albuminuria and renal resistive index (41, 42). The glomerular filtration rate (GFR) and kidney weight were also improved by renal denervation in the IRI-induced renal fibrosis (18).

Furthermore, neurogenic norepinephrine signaling has been shown to be responsible for kidney inflammation and fibrosis. In UUO mice, norepinephrine supplement after renal denervation increased the levels of inflammatory molecules and infiltration of leukocytes (17). The senescent cell is one of the important resources of these inflammatory molecules. They remain metabolically active and secrete cytokines, chemokines, and growth factors (9). Senescent cells produce SASP consisting of abundant proinflammatory cytokines such as IL-6, IL-8, and IL-1β, which are considered to be important contributors to the proinflammatory phenotype (43). IL-6 disrupted the balance of Th17/Treg differentiated from CD4+ T cells, which pathologically exacerbated the development of inflammatory events (44). IL-8 (or CXCL8), a chemokine, initiated the inflammation process via recruiting and activating neutrophils (45). IL-1β mediated NLRP3 inflammasome-related inflammatory cascade, causing the persistent inflammatory response (46). In the present study, we showed that NE-induced tubular senescence was involved in renal inflammation and fibrosis via the production of inflammatory cytokines IL-6, IL-8, and IL-1β. Therefore, our data suggested that cellular senescence is accurately responsible for renal fibrosis under the control of sympathetic nerves.

The main characteristic of cellular senescence consists of cell cycle arrest, SASP generation, and metabolic dysfunction. The p53/p21CIP1 and p16INK4a/Rb tumor suppressor networks are involved in the development of cell cycle arrest (11, 47). In this study, we found that the increased expressions of p53 and p21 in TKPTS cells treated with NE could be partially reversed by either α2A-AR blockade or β-arrestin2 siRNA, indicating that NE/α2A-AR/β-arrestin2 signaling was an upstream regulator of p53/p21 pathways in this process. A previous report has indicated that renal norepinephrine signals contributed to renal interstitial fibrosis through α2A-AR and α2C-AR in mice with obstructive nephropathy (17). Our data further showed that α2A-AR was rich in renal proximal tubule cells, and blockade of α2A-AR prevented NE-induced cellular senescence, suggesting that NE promoted cellular senescence mainly through the α2A-AR subtype (Figure 5). Moreover, our data showed that β-arrestin2 was a target of α2A-AR in NE-induced cellular senescence. Knockdown of β-arrestin2 reduced senescent markers, suggesting that β-arrestin2 was critically involved in NE-induced cellular senescence (Figure 6).

It was reported that p38/NF-κB signaling, STING/TBK1/NF-κB signaling, JAK/STAT/NF-κB pathway, and other signaling participated in SASP production (48). We proved that the NE/α2A-AR/β-arrestin2 pathway promoted the expression of SASP via NF-κB signaling, and it was supported by data that NF-κB p65 was increased by treatment with NE but attenuated after pretreatment with the selective α2A-AR antagonist and β-arrestin2 siRNA. In addition, we found that mitochondrial dysfunction was also involved in tubular cell senescence induced by NE/α2A-AR/β-arrestin2 signaling. Proximal tubular epithelial cells are rich in mitochondria (49). Damaged mitochondria generated reactive oxygen species (ROS) and led to a cell growth arrest via inducing the DNA damage response (DDR), thus contributing to cellular senescence (50). In this study, sympathetic activation induces mitochondrial disorders, including the reduction of the mitochondrial membrane proteins (VADC1 and COX IV), the increase in abnormal mitochondrial morphology (swollen mitochondria and fractured mitochondrial crest), and the vanishment of the mitochondrial membrane potential (Figure 7). Closed or lost VDAC1 destroyed the integrity of the mitochondrial outer membranes (51), inhibited mitochondrial respiration, and exacerbated mitochondrial division (52). Besides, the lack of electron transport chain proteins, such as the cytochrome c oxidase family (like COX IV) (53), led to electron leakage, which produced ROS-like superoxide free radicals to trigger cellular senescence (54). Partial ablation of β-arrestin2 by siRNA ameliorated mitochondrial disorders, illustrating that β-arrestin2 contributes to mitochondrial dysfunction (Figure 7D-F). In a previous study, β-arrestin2 knockout reduced ROS production through the downregulation of NADPH oxidase 4 (NOX4) in the mice model of hepatic fibrosis (55). Besides, both β-arrestin1 and β-arrestin2 enhanced the production of mitochondrial ROS and superoxide in cardiac fibroblasts isolated from failing adult human left ventricles (56). Based on these studies, we speculate that NE/α2A-AR/β-arrestin2 is one of the upstream regulators of mitochondrial ROS, which then triggers cellular senescence. Furthermore, NF-κB signaling can aggravate mitochondrial disorders (36), suggesting that NF-κB/mitochondrial dysfunction may be the downstream signaling in NE/α2A-AR/β-arrestin2-induced cellular senescence.

It is noteworthy that mitochondrial dysfunction can also contribute to cell apoptosis. The mechanism of mitochondria-induced apoptosis is through increased mitochondrial outer membrane permeabilization, which led to the release of apoptogenic proteins (such as cytochrome c, apoptosis-inducing factor, etc.) to the cytosol and triggered cell apoptosis (57). VDAC1 is the most abundant protein of the mitochondrial outer membrane and is closely associated with cell apoptosis (58). Some studies reported that upregulation of VDAC1 promoted cells apoptosis (59–61). However, in the present study, VDAC1 decreased both in our in vivo and in vitro experiments (Figure 7A–C), suggesting that sympathetic nerves-induced mitochondrial dysfunction contributed to cellular senescence, instead of apoptosis.

In conclusion, this study provides important neurometabolic and neuroimmune mechanisms in the development of renal fibrosis. Renal sympathetic activation triggers tubular senescence, which secretes SASP and promotes renal inflammation and fibrosis. Meanwhile, our work demonstrates that NE-induced tubular cellular senescence is at least partially regulated by α2A-AR/β-arrestin2/NF-κB signaling modules. Inhibiting the actions of α2A-AR or β-arrestin2, alone or in combination, might provide a potential therapeutic strategy to prevent the progression of renal fibrosis.
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T cell immunoglobulin domain and mucin domain 3 (TIM3) was initially identified as an inhibitory molecule on IFNγ-producing T cells. Further research discovered the broad expression of TIM3 on different immune cells binding to multiple ligands. Apart from its suppressive effects on the Th1 cells, recent compelling experiments highlighted the indispensable role of TIM3 in the myeloid cell-mediated inflammatory response, supporting that TIM3 exerts pleiotropic effects on both adaptive and innate immune cells in a context-dependent manner. A large number of studies have been conducted on TIM3 biology in the disease settings of infection, cancer, and autoimmunity. However, there is a lack of clinical evidence to closely evaluate the role of T cell-expressing TIM3 in the pathogenesis of chronic kidney disease (CKD). Here, we reported an intriguing case of Mycobacterium tuberculosis (Mtb) infection that was characterized by persistent overexpression of TIM3 on circulating T cells and ongoing kidney tubulointerstitial inflammation for a period of 12 months. In this case, multiple histopathological biopsies revealed a massive accumulation of recruited T cells and macrophages in the enlarged kidney and liver. After standard anti-Mtb treatment, repeated renal biopsy identified a dramatic remission of the infiltrated immune cells in the tubulointerstitial compartment. This is the first clinical report to reveal a time-course expression of TIM3 on the T cells, which is pathologically associated with the progression of severe kidney inflammation in a non-autoimmunity setting. Based on this case, we summarize the recent findings on TIM3 biology and propose a novel model of CKD progression due to the aberrant crosstalk among immune cells.
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A Clinical Case Highlights the Involvement of TIM3 in Inflammatory Kidney Injury

We begin with an intriguing case of Mycobacterium tuberculosis (Mtb) infection linking overexpression of T cell immunoglobulin domain and mucin domain 3 (TIM3) on T cells to progressive tubulointerstitial nephritis. A 21-year-old man presented to the renal division with nocturia, fatigue, and weight loss for over one month. On admission, this patient had no typical cough, sputum, and chest pain symptoms. Physical examination revealed tenderness of the upper abdomen and palpable liver and spleen below the costal margin. Blood tests indicated a moderate loss of renal function (Scr 186.9μmol/L). Repeated urinary tests showed significant glycosuria and mild proteinuria. Radiology examinations identified the enlargements of multiple lymph nodes at the retroperitoneum, mediastinum, supraclavicular space, and mesenteric area. PET-CT scan demonstrated extensive hypermetabolic activities in the tissues of the pleura and peritoneum, which were anatomically enriched in the right thoracic cavity and abdomen (Figure 1A). This patient suffered from an ongoing systemic inflammatory response and disease progression as indicated by significant elevation of serological C-reactive protein (58.4 mg/L) and erythrocyte sedimentation rate (34 mm/h). Liver biopsy revealed intense infiltration of circulating leukocytes (CD45+) and T cells (CD3+) in the tissue (Figure 1B). Meanwhile, renal biopsy demonstrated minor glomerular abnormalities but typical tubulointerstitial nephritis featuring massive CD3+ T cells and CD68+ macrophages in the renal interstitial compartment (Figure 1C). Bone marrow biopsy showed active proliferation. Comprehensive laboratory screenings for autoimmune, malignancy, and hematological diseases were all negative. No specific findings could be detected by whole-exome sequencing or multiple microbiological cultures. However, the T-SPOT.TB tests were strongly positive in three independent replicates.




Figure 1 | Clinical data of a case of Mycobacterium tuberculosis (Mtb) infection. (A) PET-CT images. (B) Liver biopsy before anti-Mtb treatment with HE and immunohistochemical staining using antibodies against CD45 and CD3. (C–E) Renal biopsies before (C) and after (D) anti-Mtb treatment and quantitative analysis (E) on kidney interstitial cells by expressions of CD45, CD3, CD68, CD20, and Ki67. (F–I) Time-course of renal function (F), liver function (G), urine sediment (H), and circulating lymphocyte ratio (I). (J–N) Time-course of flow cytometry assays on different subsets of circulating T cells, including CD3+TIM 3+ (J), CD3+CTLA-4+ (K), CD3+LAG-3+ (L), and CD3+PD1+ (M), and CD3+CD4+CD25+ (N). (O) Gating strategies and representative figures of flow cytometry assays. *P < 0.01, #P < 0.001.



This patient was clinically diagnosed with tubulointerstitial nephritis caused by active Mtb infection based on the clinical manifestations/symptoms, the laboratory/radiology results, the biopsy findings, and the exclusion of other common differential diagnoses. According to the WHO guidelines recommended for those with extensive tuberculosis disease (1), this patient received a modified 8-month anti-Mtb regimen using isoniazid, rifampicin, ethambutol, and pyrazinamide. Close clinical monitoring was performed on the liver and kidney function tests after the initiation of therapy. This patient ultimately recovered from the symptoms of tuberculosis infection after the anti-Mtb treatment. The follow-up examinations of both laboratory tests and radiology showed that the abnormal changes in multiple systems were markedly ameliorated or disappeared. A repeated renal biopsy confirmed significant remission of the recruited immune cells, including CD45+ myeloid cells, CD3+ T cells, and CD68+ macrophages (Figure 1D). Further quantitative analysis on the renal biopsy revealed that the number of kidney interstitial immune cells, including CD45+ leukocytes, CD3+ T cells, CD68+ macrophages, CD20+ B cells, and Ki67+ proliferative cells, was all dramatically reduced by anti-Mtb treatment (Figure 1E). The effectiveness and safety of anti-Mtb treatment was confirmed by the time-course of blood and urine tests, including renal function (Figure 1F), liver function (Figure 1G), and urine sediment (Figure 1H).

Beyond the abnormal findings described above, we also noted a persistent lymphopenia, from which the patient barely recovered after eight months of anti-Mtb treatment (Figure 1I). But the number of leukocytes and neutrophils stayed at normal levels. This highlighted the involvement of lymphocytes in Mtb infection. To further explore the pathogenesis of lymphopenia in this case, time-course analysis of flow cytometry was conducted to characterize multiple subsets of T and B cells in circulation. No significant abnormalities could be detected in the proportion of T helper cells (CD3+CD4+), cytotoxic T cells (CD3+CD8+), B cells (CD32+CD19+), and natural killer cells (CD3–CD16+CD56+). However, further assays of the T cell subsets uncovered that the proportion of CD3+TIM3+ T cells far exceeded the normal range on admission and peaked (>4-fold) at two months of treatment. It subsequently dropped to a nearly normal range after the end of anti-Mtb treatment (Figure 1J). Unexpectedly, several other co-inhibitory/regulatory receptors on T cells, including CD3+CTLA4+, CD3+PD1+, CD3+LAG3+, and CD3+CD4+CD25+, were slightly influenced and mostly remained in the normal ranges during the disease progression (Figures 1K–N). The representative figures of flow cytometry before and after the treatment are shown in Figure 1O. Of note, the expression patterns of TIM3 on T cells were closely related to the disease development and the prognosis in this case. Collectively, these findings revealed that Mtb infection might induce progressive kidney inflammation remote from the original site of bacterial invasion, which in this case likely occurred in the respiratory or digestive system. To our knowledge, this is the first clinical report to demonstrate time-course expression of TIM3 on T cells, which participate in progressive kidney inflammation in a non-autoimmunity setting.



The Rationale of Targeting T Cell Dysregulation in Chronic Kidney Inflammation Upon Infection

Regardless of its etiology, chronic kidney disease (CKD) progression is pathologically featured by a cumulative infiltration of circulating immune cells (2–4). Based on current knowledge, it is generally believed that the initial trafficking of circulating immune cells into the involved kidneys of CKD intends to eliminate pathogenic factors, clear out necrotic cells and damaged tissues from the original insults, and expectantly facilitates nephron recovery (5, 6). In this context, transient activation of the recruited immune cells is beneficial because they are helpful to eliminate the pathogenic factors. Ideally, these activated immune cells produce abundant chemokines to establish a pro-inflammatory milieu and meanwhile secrete a series of anti-inflammatory cytokines and growth factors to promote inflammation resolution and tissue repair. However, the well-tuned action of the immune system could be undermined in certain conditions, resulting in development of chronic kidney inflammation and CKD progression.

Although the pathophysiological mechanisms are not fully understood, multiple lines of clinical evidence have revealed infection as one of the major risk factors that exacerbates CKD progression in different kidney disease settings (7–9). In this process, T cells are known to play a central role in regulation of both innate and adaptive immune response against infection. Upon pathogens stimulation, effector T cells exert their inflammatory functions by directly killing infected host cells, activating innate immune cells, and secreting cytokines (like IFNγ) to promote tissue inflammation against invasive microbes. At the same time, activation of regulatory T (Treg) cells dampens the inflammatory response to avoid excessive tissue damage by their robust production of inhibitory cytokines (like IL10) (10, 11). In most cases, invasive pathogens can be successfully cleared out or inactively confined in the involved organ. Therefore, T cells synergistically orchestrate the inflammation against exogenous pathogens and the subsequent restoration of immune homeostasis for tissue repair. Under some conditions of chronic infection, however, prolonged pathogenic stimulation continuously promotes the activation of effector T cells. This ultimately results in a state of T cell dysfunction, which is also termed T cell exhaustion (12–14). T cell dysfunction has been widely described in many experimental and clinical settings of chronic infections, including hepatitis B virus (HBV) (15), hepatitis C virus (HCV) (16), human immunodeficiency virus (HIV) (17, 18), and Mtb (19). Of clinical significance, secondary kidney involvements commonly occurred in most of these infectious diseases (20).

Mechanistically, microorganism can induce kidney damage by direct invasion on the site or deposition of circulating antibody-antigen immune complexes in the condition of chronic infection (21). As presented in this case, however, chronic infection might also trigger progressive kidney inflammatory response by its interference with the immune system, which is undermined by tangly crosstalk between T cells and myeloid immune cells (22, 23). In this context, T cell dysregulation due to prolonged exposure of exogenous pathogens promotes the pro-inflammatory phenotype of multiple effector cells, which migrate into the involved kidneys remote from the original infection site and contribute to persistent inflammatory tissue injury (24, 25). Importantly, the “inflamed” phenotype of peripheral T cells might sustain for a long time and affect the tissue inflammatory homeostasis after they migrate from the circulation into the involved kidney (26). Therefore, physicians need to comprehensively assess the clinical significance of T cell-mediated crosstalk among immune cells and consider the therapeutic potentials of targeting T cell activity in CKD progression with a timing-specific manner.



TIM3 Expression Differentially Modulates T Cell Response During Infection

As observed in this case, T cell dysfunction in chronic infection is generally characterized by sustained expressions of co-inhibitory receptors, such as CTLA4, PD1, TIM3, LAG3, and TIGIT (12–14). There is a consensus that these co-inhibitory receptors can regulate T cell biology through at least three different ways, including directly inhibiting the effector activation, promoting the regulatory capacities, and modulating the inflammatory response of innate immune cells. In many cases, these co-inhibitory receptors on T cells are critical for maintaining immune homeostasis as they counterbalance co-stimulatory signals and prevent an excessive inflammatory response to pathogen stimulation (27). However, it is important to note that some functional effector T cells also express the inhibitory receptors. Under certain conditions, co-expression of inhibitory receptors on T cells could promote an inflammatory response (14). Several key controversies and questions remain open about the biology of co-inhibitory receptors on T cells in the field of nephrology, such as whether and how the kidney disease setting or renal microenvironment might differentially dictate the expression pattern of these co-inhibitory receptors and their exerting functions upon infection, particularly in a cell-type-specific manner.

As one of the major members of the co-inhibitory receptors, TIM3 was initially identified on the activated Th1 cells as a transmembrane marker that negatively modulated innate and adaptive inflammatory responses (28, 29). Later, emerging studies uncovered that TIM3 was also constitutively expressed on many other cell types, including Treg cell (30), Th17 cell (31), macrophage (32), dendritic cell (33, 34), natural killer (NK) cell (35), and mast cell (36, 37). A large amount of studies have revealed TIM3 as a potent regulator of the immune system that closely correlates to the activities of multiple human diseases, such as infection, cancer, autoimmunity, and transplant tolerance (38–44). This review mainly focuses on TIM3 function in the context of infectious diseases. Of clinical importance, TIM3 expression in the T cell compartment is largely restricted to inflammatory IFNγ-producing effector T cells and FOXP3+ Treg cells, known as major participants in most of human infectious and inflammatory diseases. In most cases of chronic infection, TIM3 serves as an inhibitory receptor with a key role in regulating IFNγ-mediated inflammation. For example, TIM3 overexpression undermines the Th1/Tc1 immunity in disease progression while inhibition/blockade of TIM3 signaling rescues dysfunctional T cells in multiple infection settings, such as HCV (45, 46), HBV (47), HIV (48), and lymphocytic choriomeningitis virus (LCMV) (49). Moreover, TIM3 expression also indirectly exerts its inhibitory functions on the effector Th1/Tc1 cells by significantly enhancing the suppressive capacity of FOXP3+ Treg cells (30, 40, 50, 51).

Apart from its known inhibitory effect on Th1-type immunity, however, our case leaves open the question of whether and how TIM3 overexpression might distinctly contribute to the pathogenesis of chronic kidney inflammation during infection. Indeed, the emerging evidence supports that TIM3 serves as a co-stimulatory receptor rather than a dominant inhibitor in Th1 cell activation under certain circumstances. TIM3 exerts essential functions for optimal T cell immunity by promoting short-lived effector T cells but suppressing memory precursors (52). Interestingly, the absence of TIM3 in CD8+ T cells significantly impaired the magnitudes of IFN-γ production in the case of Listeria monocytogenes infection (53). In the case of Mtb infection, the scenario turns out to be more intriguing because TIM3 might function as both an inhibitory molecule of Th1 cell immunity and an enhancer of macrophage activation against the intracellular pathogens (54–58) (refer to discussion in the next section). These seemingly discrepant findings might indeed highlight that TIM3 plays pleiotropic roles in maintaining immune homeostasis by modulating different immune cells in cell-type- and scenario-dependent manners.



TIM3 Exerts Distinct Functions Upon Infection Depending on the Cell Types and Ligands

As a type I membrane protein, TIM3 is comprised of an immunoglobulin variable domain, an extracellular glycosylated mucin domain, a single transmembrane domain, and a C-terminal cytoplasmic tail with five tyrosines (59, 60). Although the intracellular function of the cytoplasmic tail remains obscure, it is now recognized that Tyr256 and Tyr263 are key binding sites of HLA-B associated transcript 3 (BAT3), a negative regulator of TIM3 activation (61). Upon binding of ligands, the release of BAT3 from phosphorylated Tyr256 and Tyr263 can activate TIM3 signaling by mechanistically inhibiting the mTORC2-AKT pathway in T cells (62). A variety of ligands with different binding sites have been reported in association with TIM3 activation, including galectin 9 (GAL9) (63), carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1) (64), phosphatidylserine (PtdSer) (65), and high mobility group protein B1 (HMGB1) (66). Emerging studies have shown that these molecules can be expressed by different immune cells and bind to different regions on the TIM3 extracellular immunoglobulin V domain, subsequently exerting various biological functions with a cell-type and context-dependent manner. With a focus on the interaction of T cells and invasive pathogens, multiple lines of evidence supports that the binding of TIM3 to GAL9 or CEACAM1 will trigger the release of BAT3 from its intracellular tail and induce Th1 cell inhibition or Treg cell activation, which significantly dampens the INFγ-mediated Th1 response. On the other hand, the bindings to PtdSer and HMGB1, which are regarded as typical markers of apoptosis or cell debris, likely facilitate the engulfment and phagocytosis of apoptotic cells and debris by the TIM3-expressing myeloid cells, like DCs and macrophages (38, 42, 44). Of note, the biology of TIM3-binding to PtdSer might require further in-depth research as it displays much lower affinity compared with other TIM family members (67).

As the first revealed pathway, the TIM3-GAL9 axis negatively regulates Th1-dependent immune responses by suppressing T cells’ production of IFNγ (68) and promoting that of IL10 (49). Consequentially, it dampens the T cell-mediated inflammatory response to pathogens stimulation. However, recent studies have yielded “discrepant” conclusions that TIM3-GAL9 interaction triggers pro-inflammatory response to eliminate pathogens under certain conditions of infection. First, Jayaraman et al. revealed a reciprocal axis of TIM3-GAL9 between macrophages and T cells in a murine model of Mtb infection (54). The binding of T cell’s TIM3 to macrophage’s GAL9 stimulates the macrophage’s bactericidal activity by enhancing caspase-1-dependent secretion of IL1β, independent of the production of IFNγ and inducible NO synthase (iNOS). Unlike its apoptosis-inducible effect on T cells, TIM3-GAL9 interaction does not cause cell death of the affected macrophages, indicating a bidirectional role of TIM3 in regulating the innate and adaptive immune response (54). Indeed, TIM3 expression on the side of the innate cells might oppositely promote the tissue inflammation by enhancing TNFα secretion (33). Consistently, it has been reported in human studies that TIM3-GAL9 interaction activates macrophage-mediated inflammatory response against Mtb infection, which at least partly functions through IL1β secretion (57). It therefore suggests that activation of the TIM3-GAL9 axis can potentially initiate tissue inflammation, at least from the macrophage part.

Based on the recent findings, the TIM3-GAL9 axis seems to play a more complex role in regulating the T cell compartment in response to Mtb infection than macrophage. In animal studies, TIM3+PD1– T cells in the early stage of infection are featured by a typical phenotype of effector Th1 cells with enhanced production of IL2, TNFα, and IFNγ. However, TIM3+PD1+ T cells, which emerge late in chronic infection and resemble a subset of dysfunctional T cells, dampen Mtb clearance by a robust production of inhibitory cytokines, such as IL10. Accordingly, TIM3-targeting intervention is helpful to restore T cell function and improve bacterial control in chronically infected animals (58). These findings reveal the importance of the disease stage in evaluating the role of TIM3 in Mtb infection. In line with the animal studies, elevated TIM3 expression leads to decreased IFNγ production of CD8+ T cells in patients with active/severe Mtb infection, which can be restored by TIM3-blocking interventions (55). Intriguingly, early studies have reported that TIM3-expressing T cells are featured by a robust production of IFNγ and TNFα and augment the anti-Mtb activity of macrophages in active TB patients (56). These findings are indeed complementary to our understanding of TIM3 biology that the TIM3-GAL9 axis might exert distinct regulatory functions on T cell and macrophage in two different ways, which are likely associated with the disease stage and microbial activity. Of note, the kinetics of microbial antigen presentation is synergistically determined by the timing of protein translation rather than a simple bacterial load or the number of the TIM3 expressing T cells (69). The functioning pattern of TIM3 might explain the current “inconsistent” data in the Mtb studies that were actually derived from multiple disease models with different phases of Mtb infection. Considering the diversity of TIM3-expressing cell types and their ligands, it is reasonable to posit that TIM3 acts as a double-edged sword in regulating both innate and adaptive immune cells upon pathogen stimulation with a timing-specific manner. We summarize the findings about the role of TIM3 biology in infectious disease with a specific evaluation of its ligands and the expressing cell types (Table 1).


Table 1 | The role of TIM3 in infectious diseases.





TIM3 Signaling Participates in Acute and Chronic Kidney Inflammation

A growing body of evidence has revealed that TIM3 is a key regulator in kidney immune cells during acute kidney injury (AKI). In macrophages, TIM3 expression activates the TLR-4/NF-κB signaling and exacerbates the kidney inflammatory response to acute ischemia/reperfusion (IR) injury, which can be beneficially ameliorated by an anti-TIM3 strategy (74). Distinctly, TIM3 expression by CD4+CD25+ Treg cells exerts regulatory functions that might be potentially dampened in AKI patients with aggravation of the kidney inflammatory response (75). In the context of kidney transplant, multiple lines of evidence demonstrates the association between aberrant TIM3 expression and acute rejection due to the enhanced inflammatory status in dysfunctional allografts (76–83). These studies consistently support that TIM3, whether expressed in blood, urine, or biopsy samples, can serve as a promising biomarker for monitoring the immune status of the kidney transplant and a potential target of early therapeutic interventions on acute and chronic allograft rejection.

CKD is currently recognized as a type of systemic chronic inflammatory disease (84, 85). Consistent with its role in AKI, TIM3 promotes the inflammatory phenotype of renal macrophages by activation of NF-κB signaling, contributing to podocyte injury in the progression of diabetic kidney disease (DKD) (86). As discussed above, the binding of GAL9 to TIM3 likely exerts pro-inflammatory action on the macrophage side. Supporting this finding, an elevation of serum GAL9 can be detected in patients with severe DKD and positively correlated to their loss of residual renal functions (87). A variety of immune cells, including the T cells and the macrophages, undergo dynamic phenotypic changes and participate in the entire process of inflammation during AKI to CKD progression (3, 88, 89). These overactivated immune cells migrate into the involved kidneys through the circulatory system and participate in progressive inflammatory injury that ultimately leads to loss of renal function. Considering the significant changes among different disease stages, in-depth research with time-course analysis remains necessary to clarify how TIM3 functionally affects different effector cells and their crosstalk at every point of concern in CKD development.

In the setting of autoimmunity, aberrant TIM3 expression is closely correlated with the development of systemic lupus erythematosus (SLE) (90–95), multiple sclerosis (96, 97), and rheumatoid arthritis (98). However, the role of TIM3 underlying different autoimmune diseases has yet to be explored. In the kidney, renal expression of TIM3 can be detected in most lupus nephritis (LN) and positively correlated to the disease activity (99), suggesting the participation of TIM3 in kidney inflammation caused by autoimmunity. Mechanistically, early studies revealed that enhanced TIM3-GAL9 engagement interferes with LN development by potentially inducing Treg cells dysfunction (100). Consistently, deficiency of GAL9 ameliorates disease activity of immune complex glomerulonephritis in a murine model of lupus (101). In addition, data from some other animal models, such as nephrotoxic serum nephritis (102) and anti-glomerular basement membrane glomerulonephritis (103), shed light on the therapeutic benefits of targeting the TIM3-GAL9 axis to treat autoimmune kidney disease. Furthermore, emerging clinical evidence reveals that abnormal TIM3 expression patterns can also be detected in patients with IgA nephropathy (104) or membranous nephropathy (105). Taken together, TIM3 exerts different functions on a variety of immune cells to regulate kidney inflammatory response. Upon binding of GAL9, TIM3 activation probably promotes the inflammatory phenotype of macrophage but dampens the regulatory activity of T cells, thereby leading to aggravation of chronic kidney inflammation. The current findings about TIM-3 biology in kidney diseases are summarized in Table 2.


Table 2 | The role of TIM3 in kidney diseases.





A Speculative Model of the TIM3-GAL9 Axis in Chronic Kidney Inflammation

Based on the current findings, we propose a novel model of TIM3-GAL9 interaction in chronic kidney inflammation (Figure 2). Upon acute infection, exogenous pathogens are taken up by dendritic cells and macrophages, which traffic to draining lymph nodes and prime T cells via the process of antigen presentation. Once activated, the primed T cells proliferate with enhanced TIM3 expression and recruit back to the “crime sense”, where they cooperate with the tissue-resident macrophages via the binding of their extracellular TIM3 to the GAL9 on the “involved” phagocytes. With the synergic action of MHC-antigen-TCR complex, TIM3-GAL9 interaction promotes effector T cells that secrete abundant pro-inflammatory cytokines, such as TNFα and IFNγ, to enhance bactericidal capacities of the phagocytes. Likewise, these paracrine cytokines promote activation of peripheral monocyte/macrophage and amplify the systemic inflammatory response. At this moment, the TIM3-GAL9 axis exerts pro-inflammatory functions to enhance the bactericidal capacities of immune cells. In most cases, the active effector cells can eliminate intracellular pathogens, leading to successful infection control. The antigen-TCR complex thereby unravels after pathogens clearance. Without the mutual effect of the microbial antigen complex, the TIM3-GAL9 axis plays an inhibitory role in the TIM3-expressing T cells, which in turn exert regulatory functions on the effector immune cells by their robust secretion of anti-inflammatory cytokines (like IL10 and TGFβ). Meanwhile, the TIM3-GAL9 axis facilitates the resolution of tissue inflammation by induction of T cells apoptosis and the transition of memory immune cells.




Figure 2 | A speculative model of TIM3-GAL9 axis in chronic kidney inflammation triggered by bacterial infection. (A) In acute stage of infection, bacterial antigens are presented to T cells by macrophage (MP) or antigen-presenting cell (APC). Upon activation, the primed T cells proliferate with TIM3 induction. With the synergic action of MHC II-antigen-TCR complex, TIM3-GAL9 interaction promotes the effector T cells that secrete abundant pro-inflammatory cytokines, like TNFα and IFNγ, to enhance bactericidal capacities of the phagocytes. Likewise, these paracrine cytokines induce activation of peripheral effector cells and amplify the systemic inflammatory response. (B) Upon pathogens clearance, the MHC-antigen-TCR complex unravels. TIM3-GAL9 axis, in turn, exerts an inhibitory action on T cells by induction of regulatory cytokines (like IL10 and TGFβ). In this context, TIM3-GAL9 interaction facilitates the resolution of tissue inflammation by induction of T cells apoptosis and transition of memory immune cells. (C) In the case of chronic/refractory infection, the immune system fails to eliminate the intracellular bacteria. The synergy of the MHC-antigen-TCR complex with the TIM3-GAL9 axis persistently stimulates the activation of peripheral immune cells, which are attracted into the involved kidneys of CKD by diseased renal microenvironment and participate in progressive kidney inflammation.



We speculate that this TIM3 feedback loop acts through an antigen stimulating- and time length-dependent manner. In the acute phase of infection, the conjunct action of the MHC-antigen-TCR complex is prominent due to bacteria multiplication. It thereby enhances the inflammatory action of the TIM3-GAL9 axis. Once the infection is under control, TIM3-GAL9 interaction switches to exert the regulatory effect on T cells without the synergic action of exogenous antigens. However, in some chronic/refractory infection cases, the immune system fails to restrain the intracellular pathogens, which constitute a source of persistent antigenic stimulation. Instead, it continuously upregulates the TIM3-mediated inflammatory response and undermines the regulation mechanism between the effector T cells and innate immune cells. Due to the excessive inflammatory response, the overactivated effector cells migrate throughout the body via the circulation system. It is worth noting that the kidney with abnormal tissue microenvironment in CKD is an organ that the reactive immune cells tend to visit. As a result, the pathogenic activation of TIM3 signaling, triggered by the continuous stimulation of the MHC-antigen-TCR complex, promotes systemic inflammation and ongoing kidney recruitment of multiple pro-inflammatory effectors, including myeloid cells, lymphoid cells, and fibroblasts, which aggravate inflammatory kidney injury and ultimately result in renal fibrosis. This speculative model of TIM3 biology might to some extent explain why chronic/recessive infection is a critical risk factor leading to recurrence or aggravation of CKD (107), especially vigilant for nephrotic syndrome (108) and IgA nephropathy (109, 110).



Questions and Perspectives

The major function of the immune system in health is to protect the host from infections by initiating a sufficiently strong inflammatory response to pathogens and to avoid excessive immunity against self. The immune system is governed by central and peripheral feedback mechanisms, which provide the necessary inflammatory signals upon encountering microbial antigens and meanwhile trigger feedback suppression during the intensive inflammatory response. TIM3 is widely expressed in a variety of immune cells and capable of binding to different ligands. With its unique structure and biological features, TIM3 potentially possesses some advantages to serve as a multifunctional molecule in the regulation of immune homeostasis. TIM3 can exert substantial actions tuning the inflammatory response to various disease settings by working in synergy with other co-receptors. Emerging evidence has highlighted TIM3 as a stimulatory molecule for optimal immune response rather than a one-way dominant inhibitory receptor. Recent advances on the TIM3-GAL9 axis, which seem to contest the previous findings on its well-established inhibitory roles, actually supplement our understanding of TIM3 biology. The current research has reached consistent conclusions on the TIM3 function in kidney disease that can be cross-referenced with other fields. This review attempts to propose a novel model based on our intriguing clincal findings and current knowledge to reconcile the seeming “discrepancy” of TIM3 biology, particularly the findings related to human infectious disease and CKD progression.

It is important to note that our understanding of TIM3 function in kidney homeostasis is limited. For example, the regulatory mechanism of TIM3 in both innate and adaptive immune cells has yet to be clarified in CKD progression. Furthermore, it remains difficult to exactly speculate as to how TIM3-expressing cells can discriminate the hidden signals presented by various ligand bindings in the kidney. In-depth research is urgently required to address the molecular role of TIM3 in the crosstalk between immune cells and kidney resident cells (like tubular epithelial cells) in the pathogenesis of chronic kidney inflammation, particularly with a focus on the infection-triggering mechanism. Future advances in the understanding of TIM3 biology will help to develop effective strategies in an individualized manner to restore the tissue inflammatory homeostasis in kidney diseases. For nephrologists, it is important to dialectically assess the therapeutic value of the TIM3-targeting strategy in consideration of the timing, the signaling intensity, and the difference in kidney disease settings.
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Diabetic nephropathy (DN) is one of the main causes of end-stage renal disease (ESRD). Existing treatments cannot control the progression of diabetic nephropathy very well. In diabetic nephropathy, Many monocytes and macrophages infiltrate kidney tissue. However, the role of these cells in the pathogenesis of diabetic nephropathy has not been fully elucidated. In this study, we analyzed patient kidney biopsy specimens, diabetic nephropathy model animals. Meanwhile, we cocultured cells and found that in diabetic nephropathy, damaged intrinsic renal cells (glomerular mesangial cells and renal tubular epithelial cells) recruited monocytes/macrophages to the area of tissue damage to defend against and clear cell damage. This process often involved the activation of different types of macrophages. Interestingly, the infiltrating macrophages were mainly M1 (CD68+iNOS+) macrophages. In diabetic nephropathy, crosstalk between the Notch pathway and NF-κB signaling in macrophages contributed to the polarization of macrophages. Hyperpolarized macrophages secreted large amounts of inflammatory cytokines and exacerbated the inflammatory response, extracellular matrix secretion, fibrosis, and necroptosis of intrinsic kidney cells. Additionally, macrophage depletion therapy with clodronate liposomes and inhibition of the Notch pathway in macrophages alleviated the pathological changes in kidney cells. This study provides new information regarding diabetic nephropathy-related renal inflammation, the causes of macrophage polarization, and therapeutic targets for diabetic nephropathy.
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Introduction

Diabetes has become a global public health problem because of its increasing prevalence. According to the latest statistics from the International Diabetes Federation (IDF), in 2019, approximately 10% of people worldwide had diabetes, with the disease affecting approximately 463 million adults (aged 20-79 years) (1). Diabetes is associated with various microvascular and macrovascular complications, including diabetic nephropathy and diabetic retinopathy etc. (2, 3). According to the United States Renal Data System (USRDS) Annual Data Report, diabetic kidney disease (DKD) is the most common cause of end-stage renal disease (ESRD) (4).

The pathogenesis of diabetic nephropathy is complicated and has not been fully elucidated. According to the traditional view, the pathogenesis of diabetic nephropathy involves genetic factors, hemodynamic effects, serum glucose level and/or lipid metabolism disorders (3, 5). With additional research, the role of macrophages (mφs) in the pathogenesis of diabetic nephropathy has attracted increasing attention. In DKD, numerous monocytes/macrophages accumulate in the glomerulus and renal interstitium. Infiltration by various inflammatory cells and the massive release of inflammatory factors may play an important role in the development of DKD. Several studies have confirmed a large number of infiltrating macrophages in the diabetic kidney, and the number of infiltrating macrophages positively correlates with multiple pathological changes in inherent kidney cells in diabetic nephropathy (6–10).

Macrophages are an important source of inflammatory cytokines (11) and can be classically (M1) or alternatively (M2) activated as needed. Inflammatory M1 macrophages express high levels of proinflammatory cytokines and toxic reactive oxygen intermediates, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-12, and IL-23, to promote inflammation and/or protect against harmful stimuli and express inducible nitric oxide synthase (iNOS). In contrast, M2 macrophages display immunomodulatory properties, exhibiting various functions, including the production of anti-inflammatory cytokines such as IL-10, IL-4 and IL-13 and the specific expression of arginase-1 (Arg-1) (11–14). Additionally, various proinflammatory factors secreted by polarized macrophages can cause tissue inflammation and aggravate tissue damage (15).

Current research indicates that multiple pathways are involved in the polarization of macrophages (16). Among them, the Notch signaling pathway has been widely reported to be activated in various infection-related macrophages (17–21). The Notch pathway is a highly conserved signaling pathway in various organisms that regulates cell proliferation, metabolism, differentiation, and cell survival (18). In mammals, exist four Notch receptors (Notch1-4) and five ligands (Delta-like ligand [DLL] 1, 3, and 4 and Jagged ligand 1 and 2). Each Notch receptor comprises two functional domains: The Notch extracellular domain (NECD) and the Notch intracellular domain (NICD). The NECD comprises 29-36 epidermal growth factor (EGF) motifs, which mediate the interaction between the ligand and receptor. The NICD has transcriptional activity, it can enter the nucleus and activate downstream pathways (18, 22). In diabetic nephropathy, whether the activation of macrophages is related to the Notch signaling pathway and how the downstream pathway exerts its effect are unclear.

Necroptosis is a newly discovered programmed cell death (PCD) pathway. Necroptosis is driven by a signaling cascade involving receptor interacting protein kinase 1 (RIP1), receptor interacting protein kinase 3 (RIP3), and pseudokinase mixed lineage kinase domain-like protein (MLKL). Following organelle and cellular swelling, dying cells rupture and release their intracellular components (23). Usually, necroptotic cells exhibit the same morphological characteristics as necrotic cells (24). Previous studies have shown that cells undergo necroptosis to fight infection (25). Additional studies have shown that necroptosis plays an important pathogenic mechanism in various diseases, such as myocardial infarction and stroke, atherosclerosis, ischemia-reperfusion injury, pancreatitis, and inflammatory bowel disease (26–28). To date, many studies have reported that the inflammatory factor TNF-α, a physiologically and pathologically significant cytokine, induces necroptosis in tissue cells (26–28). Recent studies have confirmed that necroptosis occurs in several types of kidney diseases, like crystal nephropathy (29), acute renal injury (30) and in podocytes of diabetic nephropathy (31), but the mechanism of necroptosis driven by macrophages in other kidney cells under diabetic nephropathy remains unclear and need to be further verified.

In this study, we analyzed kidney biopsy tissues from patients with diabetic nephropathy, diabetic nephropathy model animals, and cultured cells to explore whether an interaction exists between the Notch pathway and inflammatory NF-κB pathway in macrophages in diabetic nephropathy. Further clarify the relationship between macrophages and kidney intrinsic cell damage in diabetic nephropathy involves the inflammatory response, the increase of extracellular matrix protein, and intrinsic cell death.



Materials and Methods


Blood and Kidney Sample Collection From Patients With Diabetic Nephropathy

Between July 2019 and May 2020, patients aged 18-75 years who had undergone renal biopsy at the First Affiliated Hospital of China Medical University were recruited. Biochemical analysis data for the patients were obtained from hospital admission records. In total, 19 patients (10 male and 9 female) were diagnosed with DKD by kidney biopsy. The exclusion criteria were as follows: age <18 years; the presence of other types of kidney disease; pregnancy; infection; genetic disease. The experimental design was approved by the Ethics Committee of the First Affiliated Hospital of China Medical University (approval number: 20202562). Each enrolled patient agreed to participate in the experiment and signed the consent form.



Animal Experiments

The animal protocol used in this study was approved by the Institutional Animal Care and Use Committee (IACUC) of China Medical University (approval number: 16052M). BKS.Cg-leprdb/leprdb mice and BKS.Cg-leprdb/+ (SPF-grade) mice were purchased from the Institute of Model Animals of Nanjing University and raised in the Laboratory Animal Centre of China Medical University. The mice were allowed to eat and drink freely and were housed under a 12-hour light/dark cycle. When the mice were 8 weeks of age, tail vein blood was collected, and the fasting blood glucose levels were measured to confirm spontaneous hyperglycemia. When the blood glucose is greater than 16.7mM, it is considered to have diabetes. Urine samples were collected when the mice were 10th week of age, and the urine albumin-creatinine ratio (UACR) was measured. If UACR was greater than 3 mg/mmol, it was considered to have diabetic nephropathy. From the 10th week, the macrophage-depletion group was administrated intraperitoneal injection of the macrophage scavenger clodronate liposomes (CL, F70101C, FormuMax, USA) once a week to deplete macrophages. The mice were fasted for more than 8 hours for measuring blood glucose and urine (during which they were allowed to drink water). The body weight was measured weekly, and the tail vein blood glucose levels were measured every four weeks. Additionally, every four weeks, metabolic cages were used to obtain mouse urine samples to test urine creatinine and urine albumin levels. When the mice were 20 weeks of age, they were sacrificed, and blood and tissue samples were collected.



Kidney Pathology

Human kidney tissues were fixed in formaldehyde-acetic acid-ethanol solution (FAA), and the mouse tissue was fixed in 4% paraformaldehyde. After routine dehydration and embedding, 3-μm sections were obtained and subjected to hematoxylin-eosin (H-E), Masson’s trichrome, periodic acid-Schiff staining (PAS), periodic acid-silver methenamine (PASM), and Congo red staining. Staining was performed according to the manufacturer’s instructions at the Institute of Renal Pathology, The First Affiliated Hospital of China Medical University. A Leica microscope was used to acquire images for subsequent analysis. Glomerulosclerosis index (GSI) was graded on a scale of 0 to 4 (0: normal; 1: involvement of <25% of the glomerulus, 2: involvement of 25–50% of the glomerulus; 3: involvement of 51–75% of the glomerulus and 4: involvement of >75% of the glomerulus). The GSI was obtained by 3 experienced renal pathologists independently scoring 30-50 glomeruli, and the average value was used as the final data (32).



Cell Culture

The mouse macrophage cell line RAW 264.7, the mouse mesangial cell line SV40 MES-13, and the mouse renal tubular epithelial cell line TCMK-1 were purchased from American Type Culture Collection (ATCC) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, USA) containing 10% endotoxin-free fetal bovine serum (FBS; Biological Industries), which had undergone a complement removal process. In this study, we used 5.5 mM glucose culture medium for the normal glucose (NG) condition or 35 mM glucose for the high glucose (HG) condition. Before high glucose stimulation, we synchronized the cells with serum-free medium for 12 hours, then adjusted the glucose concentration to a high glucose level (35mM) and stimulate the cells for 48 hours. The glucose concentration was chosen based on previous studies from our group (33, 34). All cells were cultured at 37°C and 5% CO2 for subsequent experiments.



Cell Transfection

We constructed various Notch1 knockdown siRNAs and transfected them into recipient cells using the jetPRIME® transfection system (Polyplus, USA) according to the manufacturer’s instructions. We used RT-qPCR to identify the siRNA with the highest knockdown efficiency for subsequent studies (Supplement Figure 5).

To overexpress NICD1, we obtained the mouse NICD1 protein sequence from previous study (35) and constructed an NICD1 overexpression pcDNA3.1(+) plasmid. After transfection, NICD1 overexpression was verified by WB analysis and RT-qPCR, and the overexpression plasmid was used in subsequent experiments.



Luciferase Assay

RAW264.7 cells from each group were transfected with an NF‐κB luciferase reporter (D2206; Beyotime, China, Supplement Figure 4) using the jetPRIME® transfection system (Polyplus, USA) according to the manufacturer’s instructions. Next, the cells were lysed, and luciferase activity was measured using the Luciferase Reporter Assay System (RG005, Beyotime, China).



Immunohistochemistry (IHC), Immunofluorescence (IF), and Laser Scanning Confocal Microscope Analysis (LSCM)

For IHC, tissue sections were subjected to routine antigen retrieval, incubated with 3% hydrogen peroxide to block endogenous peroxidase activity, blocked with BSA, incubated with the primary antibody overnight (Supplement Table 2, the list of antibodies used in this study and dilution ratio), rinsed with PBS 3 times, incubated with the corresponding secondary antibody, and treated with DAB for color development. After nuclei were counterstained, the sections were sealed with neutral balsam, and images were obtained using a Leica microscope. The staining sections were then reviewed and scored as follows by 2 pathologists: the staining color was scored as no positive staining (negative, 0), light-yellow particle (+, 1), brown-yellow particle (++, 2), and brown particle (+++, 3). The positive staining number score: positive cells with <25% staining was scored as negative staining 1; cells with 25-50% staining was scored as 2; cells with 51-75% staining was scored as 3; and cells with 76-100% staining was scored as 4. The final score was defined as staining color score multiplied by staining number score.

For IF and LSCM, tissue sections were subjected to antigen retrieval, blocked with 3% hydrogen peroxide at room temperature, blocked with BSA, and incubated with the primary antibody overnight at 4°C (Supplement Table 2, the list of antibodies used in this study and dilution ratio). After washing 3 times with PBS, the sections were incubated with the corresponding secondary antibody, washed 3 times with PBS, and treated with CY3-Tyramine Signal Amplification (TSA) and/or FITC-TSA. The cell nuclei were counterstained with DAPI, the sections were sealed by using the anti-fluorescence quencher, and images were taken under a Leica fluorescence microscope (for IF) or Nikon Ti-E A1 microscope (for LSCM).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labelling (TUNEL) Staining

Kidney sections were subjected to routine deparaffinization, antigen repair with proteinase K, and permeabilization with 0.1% Triton, and then TDT enzyme, dUTP, and buffer mixture were added to the sections according to the instructions of the TUNEL kit (C1086; Beyotime, China). After incubation for 2 hours in a 37°C incubator, DAPI was used to counterstain the nuclei. The sections were sealed with anti-fluorescence quencher, and images were captured under a Leica fluorescence microscope.



Flow Cytometry

In total, 1×105 resuspended cells were collected according to the manufacturer’s instructions, and Annexin V-FITC and PI staining solution were added for staining. After incubation at room temperature for 20 minutes in the dark, a BD FACSVia flow cytometry system was used for detection. The test results were analyzed using FlowJo 10 software.



Transmission Electron Microscopy (TEM)

Pieces of mouse kidney tissues (1 mm3) were rinsed 3 times in PBS, immediately placed in Glutaraldehyde Fixed Solution (2.5%, electron microscopy grade) 4°C overnight, then rinsed 3 times in PBS, placed in 1% osmium acid and fixed at room temperature in dark for 2 hours. After fixation, the tissues were dehydrated in gradient alcohol solutions. The dehydrated samples were embedded in embedding agent and polymerized for 48 hours. The resin blocks were cut to ultrathin sections. Then the sections were stained and observed under a transmission electron microscope (Hitachi HT7800, Japan), and images were collected for analysis.



RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from animal tissues and cells using a Qiagen RNeasy Kit (74104, Qiagen, Germany) according to the manufacturer’s instructions. The RNA was reverse transcribed using the Takara PrimeScript™ RT reagent Kit with gDNA Eraser (RR047; Takara Co., Japan), we constructed specific primers (Supplement Table 1, the primer sequences), and real-time quantitative PCR was performed using Takara TB Green® Premix Ex Taq™ II (RR820, Takara Co., Japan). The 2-delta delta CT method was used to calculate the relative expression levels, and each group of experiments was repeated more than 6 times.



Western Blot (WB) and Co-Immunoprecipitation

Total protein was extracted using RIPA lysis buffer. For co-immunoprecipitation, the lysate containing 200 μg of total protein and specific antibody (1 μg) were incubated overnight at 4°C with continuous rotation. After that, add 50 μl protein A+G agarose beads (P2055, Beyotime co. China) and incubate for 3 hours at 4°C. The beads were washed five times with lysis buffer. Resuspend the pelleted beads in 30 μl 2X SDS sample loading buffer and boil at 95°C for 10 minutes. The proteins were then separated using SDS-PAGE. Immunoblotting was performed using specific antibodies (Supplement Table 2, the list of antibodies used in this study and dilution ratio). Semiquantitative analysis was conducted using ImageJ software. All the results were collected from experiments that were repeated more than 6 times.



Statistical Analysis

Data with a normal distribution are presented as the mean ± standard deviation. Data from multiple groups were compared using one-way ANOVA, and differences between groups were subjected to Fisher’s least significant difference test for multiple comparisons. Differences were considered significant at p<0.05. SPSS 23.0 statistical software was used for analyses.




Results


The Kidneys of Patients With Diabetic Nephropathy Exhibit Macrophage Cell Infiltration and Pathological Damage

We recruited patients with diabetic nephropathy that was confirmed by kidney pathological biopsy from July 2019 to May 2020 at The First Hospital of China Medical University. The patients, 10 of whom were male and 9 of whom were female, were aged 48.9 ± 18.3 years. The average serum creatinine level was 328.7 ± 198.2 µmol/L, and the average estimated glomerular filtration rate (eGFR) was 15.2 ± 14.4 ml/min/1.73 m2. We evaluated kidney biopsy specimens from the patients and used kidney tissues from patients undergoing nephrectomy due to trauma as normal controls. We observed infiltrating monocytes/macrophages in the kidney tissues of patients with diabetic kidney disease (Figure 1A H-E and Figure 2B). Analysis of mesangial cells and the mesangial matrix revealed diffuse hyperplasia, mainly of the matrix (H-E and PAS staining), and Masson’s staining showed significant interstitial fibrosis (Figure 1A). We also found granular degeneration and vacuolar degeneration of renal tubules, shedding of the brush border of renal tubular epithelial cells, atrophy of tubular cells and tubular cell death (Figure 1A).




Figure 1 | Macrophages infiltrate the kidneys of patients with diabetic kidney disease and are closely related to cell death. (A) Staining of kidney specimens included hematoxylin-eosin staining (H-E), periodic acid-Schiff staining (PAS), Masson’s trichrome staining (Masson), and periodic acid-silver methenamine staining (PASM). Magnification: ×400 (B) CD68/iNOS double immunofluorescence staining. Magnification: ×200 (C) Immunohistochemistry of kidney samples. Magnification: ×400. (D) TUNEL method to detect cell death in the kidney. Magnification: ×400.Normal, normal control; DKD, diabetic kidney disease.






Figure 2 | Macrophage depletion alleviates blood glucose, improves kidney function and relieves albuminuria in diabetic mice. (A) Schematic of the mouse experimental protocol. (B) Body weight of the mice. (C) Blood glucose levels of the mice. (D) Serum creatinine levels of the mice. (E) Blood urea nitrogen (BUN) levels of the mice. (F) Urine albumin-creatinine ratios of the mice. NC, normal control group (db/m); DN, DN group (db/db); CL, CL treatment (db/db+CL treatment). #p < 0.05 vs. the normal group (db/m), ##p < 0.01 vs. the normal group (db/m), *p < 0.05 vs. the DN group (db/db), **p < 0.01 vs. the DN group (db/db) ns, no significance.





Inflammatory M1 Macrophages Infiltrate the Kidneys of Patients With Diabetic Nephropathy

To investigate the polarized phenotype of macrophages, paraffin sections of tissues from patients with DKD were assessed by double immunofluorescence (IF) staining. Many infiltrating M1 macrophages (CD68+/iNOS+) were found in the interstitium of the patients’ renal tissues (Figure 1B). The normal control tissues showed little or no CD68 and/or iNOS costaining (Figure 1B). Additionally, fewer M2 macrophages (CD68+/Arg-1+) were found in the tissues from patients with diabetic nephropathy (Supplement Figure 1). All together, these results indicate that many macrophages infiltrate the kidney tissues of patients in DKD and the infiltrating macrophages are mainly M1 macrophages.



Necroptosis Accompanies Renal Tubular Cell Death in Patients With Diabetic Kidney Disease

Pathological examination of the kidney revealed that some patients with DKD exhibited renal tubule degeneration and cell death. To determine the underlying cause, we performed TUNEL staining and used IHC to assess the activity of the RIP1/MLKL necroptosis pathway in kidney tissue (Figures 1C, D). These results confirmed that renal tubular cells underwent necroptosis during DKD.



Macrophage Depletion Improves Urine Protein Levels and the Renal Function of db/db Mice

To verify our clinical findings, we used classic type 2 diabetes model animals, BKS.Cg-leprdb/leprdb mice (db/db n=10) for follow-up studies (Figure 2A). The blood glucose levels of the db/db mice were significantly higher than those of the normal control mice (BKS.Cg-leprdb/+, db/m, n=10) at the 8 weeks, and proteinuria was observed at 10 weeks. Proteinuria was accompanied by a significant increase in the UACR, which was higher in the db/db mice than that in the normal control mice (db/m) (Figure 2F). Furthermore, we constructed an animal model by chronically depleting macrophages in db/db mice. Specifically, we administered CL weekly by intraperitoneal injection beginning at the age of the 10 weeks to chronically deplete macrophages from tissues (Figure 2A). Interestingly, after depleting macrophages, the blood glucose and proteinuria levels of the mice were significantly improved compared with the db/db group (Figures 2C, F). Then, we collected serum samples from mice at the 20 weeks and found that the serum creatinine and urea nitrogen levels of the mice were also improved compared with the diabetic nephropathy (db/db) group (Figures 2D, E). However, the body weights of the mice did not change, which is similar to that of a previous study (Figure 2B) (36).

Meanwhile, Depletion of macrophages significantly alleviates pathological damage of kidney tissue in mice with diabetic nephropathy. To explore the effect of macrophages on pathological damage in diabetic kidney tissue, we collected the kidney samples of mice from each group, and subjected the paraffin section to H-E, PAS, Masson, and PASM staining for pathological analysis. The results showed mononuclear/macrophage cell infiltration (Figure 3A; H-E staining), mesangial cell proliferation, mesangial matrix secretion, and glomerulosclerosis index (GSI) score were significantly increased in the kidneys of diabetic mice (Figure 3A; PAS staining & Supplement Figure 3). Masson’s staining also showed that the area of the tubular interstitial matrix increased, and the degree of fibrosis increased compared with the normal control group (db/m) (Figure 3A; Masson’s staining). Interestingly, macrophage depletion therapy (CL treatment) significantly improved the abovementioned pathological changes. Transmission electron microscopy (TEM) images showed that the basement membrane was thickened (Figure 3A; TEM; red arrow), foot process fusion and abolished in the diabetic group (Figure 3A; TEM; yellow arrow). CL treatment also alleviated these pathological changes, as mentioned above (Figure 3A TEM).




Figure 3 | Macrophage depletion improves kidney damages and reduces M1 macrophage infiltration in diabetic mice. (A) Histopathologic Staining and transmission electron microscopy (TEM) of mouse kidney tissue. Hematoxylin-eosin (H-E) staining (magnification: 200×); periodic acid-Schiff (PAS) staining (magnification: 400×); Masson’s trichrome (Masson) staining (magnification: 200×); periodic acid-silver methenamine (PASM) staining (magnification: 400×); transmission electron microscopy images (magnification: 4000×). (B) F4/80 immunohistochemical staining of the mouse kidney. Original magnification: 200×. (C) CD68/iNOS coimmunofluorescence staining of mouse kidney tissue. Original magnification: 400×. Normal: db/m group, DN: db/db group, CL Treatment: db/db + clodronate liposome treatment.





Macrophages Infiltrated in the Kidneys of Diabetic Nephropathy Mice Are Mainly the M1 Phenotype

To further investigate the polarization of macrophages in the mouse kidney, we subjected mouse kidney paraffin sections to IHC for F4/80 and double IF for CD68/iNOS (M1 macrophage markers) and CD68/Arg-1 (M2 macrophage markers) to detect infiltrating macrophages in mouse kidneys and determine their polarization states. Infiltrating macrophages (F4/80+ and CD68+) were found in the glomeruli and renal tubules area (Figures 3B, C) in the diabetic nephropathy group compared with those in the normal control group. IF costaining showed that most of the infiltrating macrophages were M1 macrophages (Figure 3C), and M2 macrophages were relatively rare (Supplement Figure 2).



Macrophage Depletion Reduces the Expression Levels of Chemokines in Kidney Tissue

To further explore the causes of macrophage infiltration in kidney tissue, we performed enzyme-linked immunosorbent assay (ELISA) of the chemokine monocyte chemoattractant protein-1 (MCP-1) in mouse blood serum and RT-qPCR analysis of the chemokines monocyte chemoattractant protein-1 (MCP-1), chemokine ligand 8 (CCL8), chemokine (C-X-C motif) receptor 4 (CXCR4), and chemokine (C-X-C motif) ligand 12 (CXCL12) in mouse kidney tissues. The levels of chemokines were significantly increased in the diabetic nephropathy group compared with those in the control group (Figures 4A, B). After CL treatment, the levels of chemokines in the kidney decreased significantly (Figures 5A, B). This finding suggests that macrophages may be key players in the recruitment of inflammatory cells.




Figure 4 | Macrophage depletion significantly reduces the levels of chemokines in blood serum and tissues. (A) MCP-1 level in mouse serum. (B) mRNA expression of various chemokines in mouse kidney tissue. NC, normal control group (db/m); DN, diabetic nephropathy group (db/db), CL treatment: db/db + clodronate liposome treatment. #p < 0.05 vs. the normal group, ##p < 0.01 vs. the normal group, *p < 0.05 vs. the DN group, **p < 0.01 vs. the DN group.





Macrophage Depletion Alleviates Renal Tubular Necroptosis

Through pathological staining of tissue, we also found that in diabetic nephropathy, the renal tubular cells of the mice showed vacuolar degeneration, death, and shedding (Figure 3A). A significant increase was also found in the number of TUNEL-positive cells (Figure 5A). Subsequently, we subjected mouse kidney paraffin sections to IHC and found that the TNF-α level in tubular cells in the diabetic nephropathy group was significantly increased (Figures 5B, C). Western blot (WB) analysis also showed that the necroptosis pathway-related molecules TNF-αR, RIP-1, RIP-3, and MLKL were expressed in the diabetic kidney and increased significantly (Figure 5C). After injection of CL to deplete macrophages, the levels of TNF-α and necroptosis pathway-related molecules TNF-αR/RIP1/RIP3/MLKL in renal tissues were significantly decreased (Figures 5D, E).




Figure 5 | Macrophage depletion reduces the necroptosis of renal tubular cells in diabetic mice. (A) TUNEL assay to detect cell death in renal tubulointerstitium of mouse, with counterstaining of cell nuclei (DAPI, blue). Original image magnification: 200×. (B) Immunohistochemical staining shows the levels of TNF-α in kidney tissue. Original image magnification: 200×. (C) Immunohistochemistry score of TNF-α. (D, E) Necroptosis pathway proteins RIP-1, RIP-3, and MLKL in the tissue were detected using western blotting, and GAPDH was used as the loading control. NC: normal control group (db/m), DN: diabetic nephropathy group (db/db), CL treatment: db/db + clodronate liposome treatment. #p < 0.05 vs. the normal group (db/m), ##p < 0.05 vs. the normal group (db/m), *p < 0.05 vs. the DN group (db/db), **p < 0.01 vs. the DN group (db/db).





Renal Inflammation and Fibrosis Improved After Macrophage-Depletion Therapy

Immunohistochemical staining of mouse kidney paraffin sections and WB analysis of kidney extracted proteins revealed that the levels of the inflammation-indicating factors IL-1β and IL-18 in diabetic nephropathy mouse kidney tissues increased significantly, and the levels decreased significantly after CL treatment. These results indicate that macrophage-depletion therapy alleviates tissue inflammation (Figure 6). Previous research has confirmed that fibrosis is a manifestation of persistent inflammation (37). Next, we examined the levels of transforming growth factor beta (TGF-β), extracellular matrix proteins collagen IV (Col IV) and fibronectin (FN) in the tissues (Figure 6). WB and IHC revealed that the levels of Col IV and FN in diabetic nephropathy tissues increased significantly (Figures 6C, D). Macrophage depletion significantly improved the levels of Col IV, reduced TGF-β expression and the level of FN in the glomeruli compared with those in the diabetic nephropathy group (Figure 6).




Figure 6 | Macrophage depletion reduces the level of inflammation and fibrosis in the kidneys of diabetic mice. (A, B) Immunohistochemistry and Immunohistochemistry score were used to evaluate the levels of the inflammation and fibrosis indicators IL-1β, TGF-β, and FN in mouse kidney tissue. (C, D) Western blot and semiquantitative analyses of the levels of inflammation and fibrosis indicators in the kidney tissue of mice. NC, normal control group (db/m); DN, diabetic nephropathy group (db/db), CL treatment: db/db + clodronate liposome treatment. ##p < 0.01 vs. the normal group (db/m), **p < 0.01 vs. the DN group (db/db).





The Notch Pathway Plays an Important Role in Proinflammatory Macrophage Polarization in Diabetic Kidneys

As mentioned, the Notch signaling pathway plays an important role in macrophage polarization and phenotype maintenance. To further explore whether the polarization of renal macrophages under high glucose is related to the Notch pathway, we cultured classic mouse macrophage line RAW264.7 in vitro. Under stimulation with HG, macrophages underwent M1 polarization, as indicated by increased expression of iNOS, TNF-α, and IL-1β, and the expression level of Notch1 in macrophages significantly increased compared with those cultured in normal glucose (Figures 7A, B).




Figure 7 | Activation of the Notch signaling pathway plays a crucial role in the M1 polarization of macrophages in HG stimulation. (A) Immunofluorescence (IF) of inducible nitric oxide synthase (iNOS). (B) Western blot and semiquantitative analyses. (C) Confocal microscopy analysis of Notch1 and NF-κB p65 co-IF staining, magnification: 1000×. (D) Luciferase Activity of NF-κB-responsive luciferase reporter gene in HG stimulated Raw 264.7 cells. NG, normal glucose; HG, high glucose; Notch KD/si, Notch1 Knockdown; NICD-OE, NICD over expression. #p < 0.05 vs. the normal glucose (NG) group, ##p < 0.05 vs. the normal glucose (NG) group. *p < 0.05 vs. the high-glucose (HG) group, **p < 0.01 vs. the high-glucose (HG) group. ns, no significance.



NICD, an activation product of the Notch signaling pathway, can promote the expression of various nuclear receptors and target genes. Members of the NF-κB family, as a family of nuclear receptors, are likely to be affected by Notch pathway activation. Through WB analysis, we found that the expression of the classical NF-κB molecules IκB kinase β (IKK-B) and NF-κB p65 was significantly upregulated in the cells (Figure 7B). Additionally, WB analysis revealed that the expression of the downstream inflammatory factors IL-1β and TNF-α was significantly higher in the cells cultured under HG conditions than in the normal control (Figure 7B).

To further explore whether Notch pathway activation influences NF-κB expression in HG stimulated macrophages, we constructed 3 siRNAs to knock down the Notch1 gene and selected one siRNA with the strongest effect one (siRNA #3) for follow-up experiments (Supplement Figure 5). Next, we assessed the activity of the NF-κB signaling pathway. After NICD1 activity was inhibited, the expression of the NF-κB pathway-related molecules IKK-B and p65 and the downstream inflammatory factors IL-1β and TNF-α was significantly downregulated. However, the NF-κB/IKK-B inhibitor SC-514 (10 µM; SF0029; Beyotime, China) had little effect on the expression of Notch1. Additionally, we constructed a plasmid to specifically overexpress NICD1. After overexpression, even in NG culture medium, macrophages were tending to the M1-like-phenotype, as in HG medium, and the levels of p65 and IKK-B were increased. Additionally, the levels of the downstream inflammatory factors TNF-α and IL-1β were significantly increased (vs. the normal control group) (Figure 7B).

To explore this mechanism underlying this phenomenon induced by exposure to HG conditions, we transfected an NF-κB luciferase reporter gene plasmid (D2206; Beyotime, China; Supplement Figure 4) into RAW264.7 cells to assess the mechanism of crosstalk between Notch1 and NF-κB under HG conditions. Using a luciferase reporter system, we found that after Notch1 was knocked down under HG culture conditions, NF-κB activity was significantly reduced, as shown in the Figure 7D. However, after NICD was overexpressed, NF-κB pathway activity was significantly enhanced, even under NG conditions (Figure 7D). Meanwhile, the interaction between Notch and NF-κB p65 was also detected by reciprocal co-immunoprecipitation(co-IP). The results showed that Anti-Notch1 monoclonal antibody co-precipitated p65, while anti-NF-κB p65 monoclonal antibody also co-precipitated Notch1. More convincingly, Notch1 knockdown decreased whereas NICD overexpression increased the association between Notch1 and NF-κB p65 (Supplement Figure 6).

Additionally, we performed double IF staining for Notch1 and NF-κB p65 and used laser scanning confocal microscopy (LSCM) for cytoplasmic and nuclear localization analysis. Notch1 expression increased significantly under HG conditions and was accompanied by a significant increase in phosphorylated p65 that entered the nucleus. After Notch1 was knocked down, the fluorescence intensity of p65 decreased significantly. Furthermore, after NICD was overexpressed in cells cultured in NG, the nuclear p65 level also increased significantly. The above research results indicate that Notch1 overexpression can activate NF-κB p65, a key molecule of the NF-κB pathway, and then mediate the expression of its downstream inflammatory pathway members (Figure 7C).



Mesangial Cells Cocultured With Macrophages Aggravate the Inflammatory Response and Extracellular Matrix Secretion

Subsequently, we explored the mechanism of the interaction between macrophages and renal intrinsic cells under HG conditions in vitro. We cocultured RAW264.7 macrophages and intrinsic renal cells (SV40 MES-13 mouse mesangial cells and TCMK-1 mouse renal tubular epithelial cells) in a Transwell® system (Corning, USA) in vitro (Figure 8A) under normal or HG conditions. We also performed single culture systems of mesangial cells and tubular cells under normal or HG conditions.




Figure 8 | Coculture of macrophages and intrinsic renal cells under high glucose condition significantly aggravates inflammation, fibrosis, and necroptosis of intrinsic renal cells. (A) Schematic of the coculture experiments. (B) The concentration of MCP-1 in the supernatants of different group cells was determined by ELISA. (C) Western blot and semiquantitative analyses. (D) Cell death was assessed by Annexin V-FITC/PI staining and analyzed by flow cytometry. NG, normal glucose; HG, high glucose; KD, knockdown; OE, over expression; Co, coculture. #p < 0.05 vs. the normal glucose (NG) group, ##p < 0.01 vs. the normal glucose (NG) group, **p < 0.01 vs. the high-glucose (HG) group, &p < 0.05 vs. the high-glucose coculture group, &&p < 0.01 vs. the high-glucose coculture group. ns, no significance.



In macrophages and mesangial/tubular cells cocultured group under HG conditions, the level of MCP-1 in the cell culture supernatant was increased significantly (vs. that in the single-cultured group) (Figure 8B). Additionally, we extracted protein from the RAW264.7 cells of each group for WB analysis and found that the protein expression level of IL-1β was also significantly increased in the coculture group compared with that in the single-culture group (Figure 8C). Next, we extracted protein from the cocultured mesangial (MES) cells. In MES cocultured under HG conditions, the levels of the inflammatory factors IL-1β and IL-18 were significantly increased (vs. those in cocultured with macrophages under NG conditions) (Figure 8C). Additionally, the expression levels of the extracellular matrix proteins FN and Col IV also increased significantly in mesangial cells (Figure 8C). After Notch1 was knocked down in macrophages with siRNA, the levels of the inflammatory factors IL-1beta and IL-18 and the extracellular matrix proteins FN and Col IV in mesangial cells cocultured under HG conditions were significantly decreased (vs. those in cocultured with macrophages under HG) (Figure 8C).



HG Activate Necroptosis Pathway in Renal Tubular Cell In Vitro

Next, we conducted in vitro studies focus on the death of renal tubular cells, which was found in human kidney pathological biopsy and mouse kidney tissue sections as described before. To investigate the mechanism of TCMK-1 cells death induced by HG, we examined the activation of RIP1/RIP3/MLKL necroptosis pathway. The results showed that after treatment with HG, the level of necroptosis markers RIP1, RIP3, MLKL and phospho-MLKL (p-MLKL, phospho S345) was increased significantly (vs NG) (Supplement Figure 7).

To further confirm the mechanism of renal tubular necroptosis in response to HG stimulation, we analyzed the necroptosis pathway with using the pan-caspase inhibitor benzyloxy carbonyl-Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk, C1202, Beyotime, China) and necroptotic inhibitor Necrostatin-1 (Nec-1, SC4359, Beyotime, China). Western blots showed necroptosis markers RIP1, RIP3, MLKL and p-MLKL expressions were significantly elevated after co-treatment with HG + 20 μ M z-VAD-fmk group compared to the cell treated only with HG (Supplement Figure 7). On the contrary, the treatment of cells with 50 μ M Nec-1 significantly inhibit the expression of RIP1, RIP3, MLKL and p-MLKL, but not effect caspase3. Interestingly, z-VAD-fmk induced cell necroptosis can be rescued by Nec-1(Supplement Figure 7). These results suggested that the inhibition of apoptosis by z-VAD-fmk could promote the necroptosis of cells induced by HG.



Macrophages Aggravate the Necroptosis of Renal Tubular Cells in HG

Furthermore, We cocultured RAW264.7 and TCMK-1 under HG conditions (Figure 8A). TNF-α is a widely recognized cytokine that mediates cellular necroptosis (38, 39). Then, we extracted protein from RAW264.7 cells from each group and used WB analysis to determine the TNF-α level in each group. Macrophages produced a large amount of TNF-α under HG stimulation (vs. NG), and the TNF-α level in the macrophages cocultured with renal tubular cells under HG conditions was higher than that in macrophages cocultured with tubular cells under NG (Figure 8C RAW264). Additionally, after Notch1 was knocked down in macrophages, the level of TNF-α decreased significantly (vs. macrophages under HG conditions). Furthermore, we cocultured Notch1 knockdown macrophages with tubular cells, and the level of TNF-α was significantly reduced (vs. macrophages cocultured with TCMK-1 under HG) (Figure 8C RAW264).

To exclude the involvement of apoptosis in renal tubular cell death and more clearly assess necroptosis of renal tubular cells, we pretreated TCMK-1 mouse renal tubular epithelial cells for 2 hours with the z-VAD-fmk (20 µM). Subsequently, the cells were routinely cultured or cocultured with macrophages. WB detected the levels of classic necroptosis pathway molecules RIP1/RIP3/MLKL/p-MLKL. The levels of the necroptosis pathway marker proteins RIP1, RIP3, MLKL and p-MLKL were significantly increased in the HG group compared with the NG group (Figure 8C TCMK). After coculture with macrophages in HG, the levels of RIP-1, RIP-3 and MLKL in tubular cells increased significantly (vs. those in the HG group) (Figure 8C TCMK). When the cells were cocultured with Notch1-knockdown macrophages in HG, the expression levels of RIP-1, RIP-3 and MLKL were decreased significantly (vs. macrophages cocultured with TCMK-1 under HG) (Figure 8C TCMK).

Subsequently, PI/Annexin V stain flow cytometry was used to analyze cell death. The values represent the percentage of cells in each region (PI+ annexin V−: necroptosis, PI+ annexin V+: necroptosis + late apoptosis, PI− annexin V+: apoptosis). The results revealed that the amount of necroptotic renal tubular cells in the HG group was significantly increased compared with that in the NG group. After coculture with macrophages, necroptosis of tubular cells was promoted. After coculture with Notch1 knockdown macrophages, necroptosis was suppressed (Figure 8D). Collectively, these results indicate that the Notch pathway plays an important role in macrophages and in mediating renal tubular damage in diabetic nephropathy.




Discussion

Diabetic kidney disease (DKD), formerly known as diabetic nephropathy (DN), is a major cause of kidney failure worldwide (3, 4). However, the mechanisms by which diabetic nephropathy develops have not been fully elucidated, and the onset and progression of diabetic nephropathy cannot be prevented, despite strict control of blood glucose, blood pressure, and serum lipid levels. With the development of technologies for the pathological analysis of kidney biopsy, the degree of macrophage infiltration in diabetic kidney tissue has drawn attention (7–9). Renal macrophages are closely related to the degree of renal damage, the accumulation of renal interstitial matrix protein and the degree of interstitial fibrosis (7–9). Furthermore, the number of infiltrating macrophages in the kidney and degree of renal macrophage infiltration positively correlate with the level of proteinuria, a decline in renal function in 5 years and disease prognosis (7–9). Diabetic nephropathy is now considered as a chronic inflammatory disease involving macrophages. Our study demonstrated that M1 macrophages in the kidney can secrete proinflammatory mediators such as IL-1β and TNF-α. Additionally, MCP-1, an important mediator of macrophage recruitment (40), increased in mesangial cells and tubular cells cultured under HG conditions. Interestingly, after coculture with macrophages, MCP-1 expression further increased, suggesting the existence of a malignant feedback loop in diabetic nephropathy (Supplement Figure 8). Therefore, we propose that under HG conditions, damaged intrinsic kidney cells recruit macrophages into kidney tissue to address tissue damage, but high glucose levels result in macrophage proinflammatory polarization and further produce more inflammatory cytokines. Besides, cell-cell interactions and polarization of macrophages caused further damage to intrinsic cells (Supplement Figure 8). Furthermore, we found that macrophage depletion in a classic type 2 diabetic animal model may effectively break this malignant feedback loop. In animal experiments, this effect was initially observed. Macrophage depletion reduced urine microalbumin, blood serum creatinine, blood serum urea nitrogen, and kidney chemokine levels and improved pathological damage to the kidney in diabetic nephropathy mice. The same effect was also confirmed in our in vitro experiments.

Macrophages play a pivotal role in kidney injury, inflammation, and fibrosis (41). According to current research, fibrosis is the final result of chronic inflammation (42). Inflammatory macrophages induce fibrosis in response to tissue injury (43, 44). M1 macrophages secrete large amounts of proinflammatory factors, such as IL-1β, IL-6, and IL-10. These cytokines are closely related to inflammation in many tissues. These inflammatory factors are important regulators of the renal inflammatory response and renal interstitial fibrosis (45). Our study also confirmed these findings. After macrophage depletion in vivo, the expression levels of inflammatory factors in the kidney tissues of mice were significantly downregulated, pathological changes in the kidney were significantly improved, and the levels of markers of renal fibrosis were significantly reduced. In vitro, we found that mesangial cells cocultured with macrophages in a high-glucose environment secreted more of the extracellular matrix proteins FN and Col IV and inflammatory factors IL-1β and IL-18 than that cocultured with macrophages under normal glucose conditions. We considered that in the state of diabetic nephropathy, the excessive and abnormal M1 polarization of macrophages may aggravate fibrosis and loss function of kidney.

Macrophage depletion therapy with clodronate liposomes, as a classic method of depleting macrophages, has been used in the study of various disease models. The current study shows that CL treatment can improve blood glucose homeostasis and insulin sensitivity in obese mice, and attenuate lung injury in rats with severe acute pancreatitis (36, 46). Meanwhile, in the unilateral ureteral obstruction (UUO) mouse model, CL can significantly improve the level of renal fibrosis (47). In our study, we also constructed a long-term continuous macrophage-depleted diabetic nephropathy mouse model. It provides a theoretical reference for the long-term continuous removal of macrophages. While clodronate liposomes deplete all types of macrophages as well as dendritic cells (48). It is an urgent need to find a tissue-specific clearance method to target macrophages in specific tissue.

Notch receptors and their ligands are constitutively expressed in macrophages. The Notch signaling pathway is a highly evolutionarily conserved signaling pathway that was first identified in Drosophila. Notch participates in many cellular processes and plays diverse roles. Notch receptors are produced in the endoplasmic reticulum and transported to the cell membrane (49, 50). The interaction between a receptor and its transmembrane ligand causes the proteolytic cleavage of the receptor by the gamma-secretase complex. The cleavage of the receptor results in the release of NICD, which translocate to the nucleus, to exerts its effects. Most evidence has shown that after NICD enters the nucleus, it interacts with the specific transcription factor and DNA-binding protein CSL and then mediates the various effects of downstream factors (51).

However, the latest research has revealed that, in addition to the classic Notch signaling pathway described above, Notch signaling also induces the expression of different genes through crosstalk with other signaling pathways, including the wingless MMTV integration sites (Wnt), transforming growth factor-β (TGF-β), Toll-like receptor (TLR) pathways and signaling pathways induced by hypoxia (52, 53). Specifically, Monsalve et al. found that during NF-κB signaling in lipopolysaccharide (LPS)-treated murine macrophages, Notch-1 expression is upregulated (54). Activated NICD increases the degradation of NF-κB inhibitors and enhances the nuclear translocation and DNA binding of NF-κB, which enhance NF-κB activation in the nornal and LPS-induced macrophage cells. (54). Our study also confirmed the upregulation of Notch-1 expression in macrophages under HG conditions. Luciferase reporter gene, Co-IP and double IF staining experiments have also confirmed that the increase in Notch1 activation further enhances the activity of the NF-κB pathway and its nuclear translocation, leading to an increase in the production of downstream inflammatory mediators.

Recent studies have shown that renal tubular atrophy, tubular cell death and interstitial inflammation promote the development of kidney pathological changes in diabetic nephropathy (55–58), however, the mechanism remains unclear. Some evidence indicates that apoptosis is closely related to a decrease in the number and death of renal tubular cells (59–62), and other evidence indicates that when stimuli are strong, necrosis-like reaction is an important mechanism of renal tubular cell death (63, 64). Interestingly, necroptosis, as a kind of necrosis-like reaction, has emerged as another important mode of cell death during renal tubular damage (29, 65). In this study, we confirmed that renal tubular cells undergo necroptosis in diabetic nephropathy and obtained the same results in experiments in vitro by measuring RIP1, RIP3, and MLKL levels, which are the sensitive biomarkers of the necroptosis signaling pathway (65). Furthermore, after coculture with macrophages, the levels of these marker proteins were further increased, indicating that macrophages may participate and promote the necroptosis of renal tubular cells. This phenomenon can be inhibited by the necroptosis inhibitor necrostatin-1.

The necroptosis signaling pathway can be induced by several death ligands, such as TNF, TNF-related apoptosis-inducing ligand (TRAIL), Fas (CD95) and TLRs. TNF has been confirmed to promote the necroptosis of renal tubular cells (65). Based on the evidence, monocytes and macrophages are one of the main sources of TNF and may further promote necroptosis. Therefore, the relation between macrophages and necroptosis have attracted our attention. We found that under HG conditions, the level of TNF-α in macrophages increased significantly. After coculture with intrinsic kidney cells, the level of TNF-α was improved. We further found that this phenomenon is related to kidney cells necroptosis, which is different from apoptosis. It can trigger tissue inflammatory response, thereby aggravating the increase in the secretion of proinflammatory factors by macrophages. These results further prove the hypothesis of the malignant feedback loop we mentioned previously.

In conclusion, in diabetic nephropathy, damaged kidney cells recruit macrophages to alleviate tissue damage. Subsequently, the recruited macrophages are polarized to the proinflammatory M1 phenotype, participate in multiple pathological processes of diabetic nephropathy, including kidney inflammation and fibrosis, and mediate the death of intrinsic kidney cells. The Notch pathway plays an important role in macrophage polarization. When this pathway is activated and can engage in crosstalk with key NF-κB molecules. Furthermore, secretion of downstream inflammatory factors increases, and tissue damage is aggravated (Supplement Figure 8). Interestingly, targeting the Notch pathway and macrophage depletion can alleviate tissue damage. Our findings may provide a new direction and new target from the perspective of macrophage and inflammation to treat diabetic nephropathy in the future.
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Hyperuricemia has become a common metabolic disease, and is a risk factor for multiple diseases, including chronic kidney disease. Our recent study indicated that following persistent uric acid stimulation, autophagy was activated in rats of hyperuricemic nephropathy (HN) and facilitated the development of renal fibrosis. Nevertheless, the potential mechanism by which autophagy promoted the progression of HN is still not fully elucidated. Thus, in the current study, we investigated the mechanisms of autophagy inhibition on the development of HN. Our data showed that autophagy was activated in human renal tubular cell lines (HK-2) exposure to uric acid. Inhibition of autophagy with 3-methyladenine (3-MA) and transfected with Beclin-1 siRNA prevented uric acid-induced upregulation of α-SMA, Collagen I and Collagen III in HK-2 cells. Moreover, uric acid upregulated autophagy via promoting the p53 pathway. In vivo, we showed that hyperuricemic injury induced the activation of NLRP3 inflammasome and pyroptosis, as evidenced by cleavage of caspase-1 and caspase-11, activation of gasdermin D (GSDMD) and the release of IL-1β and IL-18. Treatment with autophagy inhibitor 3-MA alleviated aforementioned phenomenon. Stimulation with uric acid in HK-2 cells also resulted in NLRP3 inflammasome activation and pyroptotic cell death, however treatment with 3-MA prevented all these responses. Mechanistically, we showed that the elevation of autophagy and degradation of autophagolysosomes resulted in the release of cathepsin B (CTSB), which is related to the activation of NLRP3 inflammasome. CTSB siRNA can inhibit the activation of NLRP3 inflammasome and pyroptosis. Collectively, our results indicate that autophagy inhibition protects against HN through inhibiting NLRP3 inflammasome-mediated pyroptosis. What’s more, blockade the release of CTSB plays a crucial role in this process. Thus, inhibition of autophagy may be a promising therapeutic strategy for hyperuricemic nephropathy.
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Introduction

With the rapid development of the world economic and the improvement of lifestyle, the prevalence of hyperuricemia is remarkably increasing all over the world (1, 2). About 75% of uric acid is excreted by the kidneys, and chronic uric acid stimulation to the kidney results in renal tubule-interstitial fibrosis, eventually causes hyperuricemic nephropathy (HN) (3). The features of HN includes crystal kidney stones, chronic interstitial nephritis, and renal fibrosis (4), which become an important public health issue (5). To date, the treatment of HN mainly focuses on the drugs that suppress the production of uric acid and promote the excretion of uric acid, such as the first-line drugs allopurinol and benzbromarone respectively. However, their clinical applications are limited by the severe side effects, such as hepatotoxicity, nephrotoxicity, and Stevens-Jonson syndrome (6), using uric acid-lowering agents in HN is still controversial (7). Hence, it is imperative to search appropriate therapeutic strategy for HN.

Recently, we found that following chronic hyperuricemic damage, autophagy was activated in HN rats and closely associated with renal fibrosis (8). Autophagy is a process that identifies damaged organelles or misfolded proteins and degrades them by fusion with lysosomal compartments (9). During autophagy, cells formed double-membraned vesicles and autophagosomes, that sequester proteins or organelles for delivery to lysosome (10). Autophagy plays an important role in maintaining the homeostasis, and it can regulate the development and differentiation of specific cells, such as adipocytes and lymphocytes (11). However, studies have reported that autophagy is also involved in pathological mechanisms (12, 13). Using autophagy inhibitor 3-methyladenine (3-MA), our previous research has indicated that inhibition of autophagy alleviated HN in an adenine (0.1 g/kg) and potassium oxonate (1.5 g/kg)-induced rat model and an in vitro model of uric acid stimulated cultured rat renal interstitial fibroblasts (NRK-49F). We demonstrated that inhibition of autophagy with 3-MA suppresses activation of renal interstitial fibroblasts and production of extracellular matrix components in NRK-49F and in HN rats. Moreover, we also found that autophagy promoted the progression of HN by activation of the pro-fibrosis cytokines/growth receptors, augment the responses of inflammation and mediate the G2/M arrest (8). Nevertheless, the potential mechanism of autophagy promoted the deterioration of HN is unclear so far, further studies are needed to elucidate the mechanisms by which blockade of autophagy ameliorates the progression of HN.

Currently, more and more studies have shown that autophagy plays an important role in inflammatory responses. Since pyroptosis is a form of inflammatory cell death, the relationship between autophagy and pyroptosis has aroused interests. Pyroptosis is a cell death mode characterized by plasma membrane rupture, cytoplasmic swelling, osmotic lysis, DNA cleavage, and the release of a large number of pro-inflammatory cytokines (14). There are two pathways to induce pyroptosis: the classical caspase-1 dependent pathway and the nonclassical caspase-11 dependent secretory pathway (15, 16). Accumulating evidence demonstrates that inflammasome activation plays a critical role for pyroptosis. The nucleotide binding and oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome, is the most widely investigated among all NLR-related inflammasomes (17). The activation of NLRP3 will recruits and cleaves pro-caspase-1 into its active forms. Once being active, the caspase-1 has a specific structure of heterotetramers that regulate proteolytic processes of inflammatory and inflammatory cytokines, such as IL-1β and IL-18 (18). The pyroptosis-driven key role in gasdermin family, gasdermin D (GSDMD) in particular, is the most widely investigated. The activated form of both caspase-1 and caspase-11 can cleave GSDMD and separate the N-terminal fragment from the C-terminal fragment (19). The cell membrane forms membrane pores thereby inducing more inflammatory cytokines release (20). At present, the unequivocal upstream activation mechanism of NLRP3 inflammasome has not yet been clarified. Nevertheless, a study showed that the NLRP3 inflammasome was regulated by cathepsin B (CTSB) (21). In addition, the release of CTSB is induced by autophagy. In briefly, the upregulation of autophagy and degradation of autophagolysosomes will lead to the release of CTSB, which also related to the stimulation of NLRP3 inflammasome (22, 23). However, whether uric acid induced autophagy, release of CTSB, activation of NLRP3 inflammasome and pyroptosis lead to HN have not been investigated.

In the current study, we revealed the activation of autophagy in uric acid-stimulated human renal tubular cell lines (HK-2), and explored the mechanisms by which inhibition of autophagy ameliorates the development of HN induced by feeding a mixture of adenine and potassium oxonate.



Materials and Methods


Antibodies and Reagents

3-MA was purchased from Selleckchem (Houston, TX, USA). Antibodies to Beclin-1 (#3738), Atg7 (#2631), and p53 (#2527) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies to GAPDH (sc-32233), Collagen I (sc-28654), and Caspase-11 (sc-374615) were purchased from Santa Cruz Biotechnology (San Diego, CA, USA). Antibodies to NLRP3 (ab214185), and Caspase-1 (ab179515) were purchased from Abcam (Cambridge, MA, USA). Antibodies to Collagen III (GB11023), and IL-1β (GB11113) were purchased from Servicebio (Wuhan, China). Antibodies to IL-18 (A16737) and GSDMD (A20197) were purchased from ABclonal Biotech (Shanghai, China). Antibody to cathepsin B (12216-1-AP) was purchased from Proteintech Group (Chicago, IL, USA). Anti-mouse secondary antibody (A0216), and anti-rabbit secondary antibody (A0208) were purchased from Beyotime Institute of Biotechnology (Shanghai, China). Beclin-1 siRNA and GP-transfect-Mate (G04009) were purchased from GenePharma (Shanghai, China). Antibody to α-SMA (A2547), DMSO and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).



HN Rat Model

The HN model was established in male Sprague-Dawley rats (6-8 weeks old, Shanghai Super-B&K Laboratory Animal Corp. Ltd, Shanghai, China) that weighed 200-220g. The animals were housed at the Experimental Animal Center of Tongji University under a 12 h light-dark cycle with food and water supplied ad libitum. The HN model was established as described in our previous study (8). Rats were injected intraperitoneally with 3-MA 15mg/kg in warmed saline daily in order to explore the effect of 3-MA on HN. Rats were randomly divided into four groups, each group including six rats: (1) The rats in control group were given an equivalent amount of saline by gavage and injected with an equivalent amount of saline intraperitoneally; (2) The rats in sham+3-MA group were given an equivalent amount of saline by gavage and injected with an equivalent amount of 3-MA intraperitoneally; (3) The rats in HN group were given a mixture of adenine (0.1 g/kg) and potassium oxonate (1.5 g/kg) by gavage and injected with an equivalent amount of saline intraperitoneally,; (4) The rats in HN+3-MA group were given a mixture of adenine (0.1 g/kg) and potassium oxonate (1.5 g/kg) by gavage and injected with an equivalent amount of 3-MA intraperitoneally. At the end of the experimental period, all animals were killed by exsanguination under anesthesia with inhaled 5% isoflurane in room air and the kidney was collected for the following experiments. All the animal experiments were conducted with approval from the Institutional Animal Care and Use Committee at Tongji University.



Cell Culture and Treatments

Human tubular epithelial cells (HK-2) were attained from ATCC (Manassas, VA). Cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium (DMEM) and F-12 containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin in an atmosphere of 5% CO2 and 95% air at 37°C. Before starting the formal experiments, we passed the primary cells for three generations in order to obtain a stable phenotype. To investigate the effect of 3-MA in uric acid-induced tubular cell injury, subconfluent HK-2 cells were starved for 24 hours in DMEM medium containing 0.5% FBS and then exposed to uric acid (UA, 800 μM) in the presence of 3-MA (0, 1, 5 and 10 mM) for 36 hours. After stimulation for 36 hours, cells were harvested for further analysis. All of the in vitro experiments were repeated no less than three times.



siRNA Transfection

The small interfering (si) RNA oligonucleotides targeted specially for p53, Beclin-1, CTSB, and negative control (NC) siRNA which chemically synthesized by GenePharma (Shanghai, China) were used in this study. The sequence of p53 siRNA is 5′-GACUCCAGUGGUAAUCUACTT-3′ (sense strand) and 5′-GUAGAUUACCACUGGAGUCTT-3′ (antisense strand). The sequence of Beclin-1 siRNA is 5′-CAGUUUGGCACAAUCAAUATT-3′ (sense strand) and 5′-UAUUGAUUGUGCCAAACUGTT-3′ (antisense strand). The sequence of CTSB siRNA is 5′-ACAAGCACUACGGAUACAUTT-3′ (sense strand) and 5′-AUGUAUCCGUAGUGCUUGUTT-3′ (antisense strand). The sequence of NC siRNA is 5′-UUCUCCGAACGUGUCACGUTT-3′ (sense strand) and 5′-ACGUGACACGUUCGGAGAATT-3′ (antisense strand). Briefly, HK-2 cells were grown in 6-well plates and transiently transfected with siRNA at 60-80% confluence at a final concentration of 5 nM using GP-transfect-Mate (GenePharma, Shanghai, China) according to the manufacturer’s instructions. After 6 hours transfection, the cells were incubated with fresh medium alone or administrated with uric acid (800 μM) for an additional 36 hours before being harvested for the further experiments.



Immunoblot Analysis

Cells were washed three times with ice-cold PBS and harvested in RIPA buffer mixed with PMSF and phosphatase inhibitor on ice. The supernatants were collected after centrifugation at 12,000 g for 15 min at 4°C. In addition, the kidney tissue samples were homogenized with cell lysis buffer and with PMSF and phosphatase inhibitor. Proteins were separated by SDS-PAGE and transferred to 0.2 μm nitrocellulose membranes. After incubation with 5% nonfat milk for 1 hour at room temperature, the membranes were incubated with primary antibodies overnight at 4°C and then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Bound antibodies were visualized by chemiluminescence detection. Densitometry analysis of immunoblot results was conducted by using Image J software (National Institutes of Health, Bethesda, MD).



Immunohistochemical Staining

Formalin-fixed kidneys were imbedded in paraffin and prepared in 3-μm-thick sections. Sections were de-paraffinized and rehydrated, immersed in citrate buffer and heated in a microwave for retrieval of antigens and quenched with 3% H2O2. Sections were incubated with primary antibodies overnight at 4°C and then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. For quantifications, 10 random visual fields were analyzed per kidney section. The positive area was calculated with Image J software (National Institutes of Health, Bethesda, MD).



Immunofluorescence Staining

Formalin-Fixed Paraffin-Embedded sections (3 μm) were rehydrated and incubated with primary antibodies against p53, GSDMD, IL-1β, and IL-18 and then Texas Red- or FITC-labeled secondary antibodies (Invitrogen).

After treatments, HK-2 cells were plated on coverslips and then fixed in 4% paraformaldehyde for 10 minutes. Cells were permeabilized by 0.25% Triton X-100 in PBS for 10 minutes. After blocking with 10% normal goat serum, cells were incubated with primary antibodies against NLRP3, Caspase-11, GSDMD, IL-1β, IL-18, or CTSB followed by secondary antibodies. Finally, cells were stained with DAPI and mounted. Images were acquired using Fluorescence Microscope (Leica, DM3000).



Transmission Electron Microscope

After HK-2 cells were treated in accordance with the aforementioned cell culture and treatments and reached confluence, cells were collected from each group for standard transmission electron microscope (TEM) processing to observe the morphology of autophagosome. Multiple autophagic structures such as phagophore, autophagosome, and autolysosome in HK-2 cells were observed at high magnification from each cell and digital images with scale bars were taken.



Statistical Analysis

Data depicted in graphs expressed as means ± SEM for each group. The comparisons between two groups were analyzed by Student’s t-test and one-way analysis of variance was used for comparisons of multiple groups. Statistically significant differences between mean values were marked in each graph. P<0.05 was considered statistically significant.




Results


Exposure of HK-2 Cells to Uric Acid Results in the Activation of Autophagy and the Upregulation of α-SMA, Collagen I and Collagen III

Our previous study has revealed that the increased expression of LC3II/I and Beclin-1 were observed in the kidney of hyperuricemic injury rats, and numerous autophagic vacuoles appeared in proximal tubular cells in vivo (8). It suggested that hyperuricemia can induce the activation of autophagy. In addition, kidneys with HN displayed severely structural damage as characterized by glomerulosclerosis, tubular dilation, epithelial atrophy, interstitial expansion, and collagen accumulation. Inhibition of autophagy with 3-MA decreased the deposition of extracellular matrix components. However, whether uric acid induced the activation of autophagy in vitro is still unknown, and how autophagy effects on renal tubular cells have not been elucidated. Therefore, we performed in vitro experiments on HK-2 cells with the stimulation of uric acid. As shown in Figure 1A, images from TEM indicated multiple of autophagy-related vacuoles such as autophagosome and autolysosome were observed in uric acid-stimulated HK-2 cells compared to control cells. Treatment with 3-MA remarkably inhibited the autophagic activity (Figures 1A, B). Uric acid also induced a significant upregulation of Beclin-1 and Atg7, two autophagy related proteins, 3-MA dose-dependently suppressed these responses (Figures 1C–E). Reduction of Beclin-1 expression by its specific siRNA also decreased uric acid-stimulated expression of Atg7 (Figures 1J–L). Since epithelial-to-mesenchymal transition (EMT) is involved in the progression of renal fibrosis (24), we found that compared with serum-starved HK-2 cells, uric acid-exposed HK-2 cells expressed higher protein levels of α-SMA, Collagen I, and Collagen III, three mesenchymal markers. Inhibition of autophagy with 3-MA significantly reduced the expression of α-SMA, Collagen I, and Collagen III (Figures 1F–I). Consistent with this result, knocking down of Beclin-1 also blocked the expression of α-SMA and Collagen I (Figures 1M–O). Taken together, these results indicated that autophagy was activated in the uric acid-stimulated HK-2 cells, which is essential for the occurred of EMT in tubular epithelial cells.




Figure 1 | Exposure of HK-2 cells to uric acid results in the activation of autophagy and the upregulation of α-SMA, Collagen I and Collagen III. (A) Transmission electron microscopy showed the ultrastructural feature of autophagosome (Red arrows) in HK-2 cells following uric acid (800 μM) stimulation in the presence/absence of 3-MA. (B) Quantitation analysis of the number of autophagic vacuoles per cell was performed. (C) Western blot was conducted to evaluate the protein level of Beclin-1, Atg7 and GAPDH in HK-2 cell lysates. (D, E) Scatter plots showing the densitometry analysis of Beclin-1 and Atg7 normalized by GAPDH. (F) Western blot was conducted to evaluate the protein level of α-SMA, Collagen I, Collagen III and GAPDH in HK-2 cell lysates. (G–I) Scatter plots showing the densitometry analysis of α-SMA, Collagen I, Collagen III normalized by GAPDH. (J) Western blot was conducted to evaluate the protein level of Beclin-1, Atg7 and GAPDH in HK-2 cell lysates. (K, L) Scatter plots showing the densitometry analysis of Beclin-1 and Atg7 normalized by GAPDH. (M) Western blot was conducted to evaluate the protein level of α-SMA, Collagen I and GAPDH in HK-2 cell lysates. (N, O) Scatter plots showing the densitometry analysis of α-SMA and Collagen I normalized by GAPDH. Data are expressed as mean ± SEM. **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. Scale bars in (A) = 500 nm.





Uric Acid Induces Autophagy Mediated by p53 Signaling Pathway

Based on the aforementioned role of uric acid in the activation of autophagy, we further investigated the mechanism involved. It is illustrated that p53 triggered the activation of autophagy in response to DNA damage (25), we thus examined whether uric acid upregulated autophagy through p53 signaling pathway. We established a rat model of HN induced by adenine and potassium oxonate for 3 weeks. As shown in Figure 2A, compared to the sham rats, HN rats displayed increased expression of p53 in the kidney. To further verify the role of p53 on the activation of autophagy, we examined the effect of p53 knockdown in HK-2 cells exposure to uric acid by using siRNA specifically targeting p53. As demonstrated in Figures 2B–E, reduction of p53 expression by its specific siRNA decreased uric acid stimulated expression of Beclin-1 and Atg7. These results demonstrated that uric acid triggered autophagy may be mediated by p53 signaling pathway.




Figure 2 | Uric acid induces autophagy mediated by p53 signaling pathway. (A) Photomicrographs illustrating immunofluorescence staining of p53. (B) Western blot was conducted to evaluate the protein level of p53, Beclin-1, Atg7 and GAPDH in HK-2 cell lysates. (C–E) Scatter plots showing the densitometry analysis of p53, Beclin-1 and Atg7 normalized by GAPDH. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001. Scale bars in (A) = 50 μm.





Inhibition of Autophagy Prevents the Activation of NLRP3 Inflammasome Both in HN Rats and in HK-2 Cells

Hyperuricemia can trigger inflammatory responses in the kidney, and the inflammasome family has several members and behaves a magnificent effect on inflammatory responses. Particularly, NLRP3 inflammasome is considered to be a pivotal component of inflammation (26). Recently, emerging studies have demonstrated that there is an interaction between autophagy and NLRP3 inflammasome, more importantly, the interaction plays a crucial role in metabolic diseases (27). However, whether autophagy can activate the NLRP3 inflammasome in HN is still unknown. Thus, we get down to examine the effect of autophagy inhibition on the activation of NLRP3 inflammasome. As shown in Figures 3A, B, NLRP3 was significantly increased in HN rats, while administration with 3-MA resulted in the reduction of NLRP3. Immunohistochemistry staining also demonstrated that the expression level of NLRP3 was increased in the kidney of HN rats, which is contrary to that in sham rats. Treatment with 3-MA largely inhibited the expression as indicated by reduced staining positive areas (Figures 3C, D).




Figure 3 | Inhibition of autophagy prevents the activation of NLRP3 inflammasome both in HN rats and in HK-2 cells. (A) Western blot was conducted to evaluate the protein level of NLRP3 and GAPDH in the kidney tissue lysates. (B) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH. (C) Immunohistochemistry staining was used to detect the level of NLRP3. (D) Positive area of NLRP3. (E) Western blot was conducted to evaluate the protein level of NLRP3 and GAPDH in HK-2 cell lysates. (F) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH. (G) Immunofluorescence co-staining was used to detect the level of NLRP3. (H) The count of NLRP3-positive cells. (I) Western blot was conducted to evaluate the protein level of NLRP3 and GAPDH in HK-2 cell lysates. (J) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH. Data are expressed as mean ± SEM. *P<0.05; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 μm.



To further investigate the interplay between autophagy and NLRP3 inflammasome, we used both 3-MA and Beclin-1 siRNA to inhibit autophagy for in vitro studies. Exposure of HK-2 cells to uric acid resulted in increased expression of NLRP3, treatment with 3-MA inhibited the upregulation of NLRP3, which occurred in a dose-dependent manner (Figures 3E, F). The immunofluorescence staining was used to evaluate the expression and localization of NLRP3 in response to uric acid. We found that the cells were positively stained for NLRP3 in the cytoplasm stimulated by uric acid, treatment with 10 mM 3-MA significantly decreased the expression of NLRP3 (Figures 3G, H). In consistent with this result, immunoblotting analysis indicated that inhibition of autophagy with Beclin-1 siRNA was also impede the NLRP3 overexpression (Figures 3I, J). Taken together, these results suggest that inhibition of autophagy prevents the activation of NLRP3 inflammasome both in vivo and in vitro.



Administration of 3-MA Inhibits the Process of Pyroptosis in a Rat Model of HN

Shao et al. demonstrated that NLRP3 inflammasome leads to the activation of pyroptosis (28). In addition, a large number of studies indicate that a close relationship between autophagy and pyroptosis (29, 30). To investigate the role of autophagy in the NLRP3 inflammasome-mediated pyroptosis in HN, we adopted autophagy inhibitor 3-MA to verify the relationship among them. As shown in Figures 4A–D, proteins level of caspase-1, caspase-11, and GSDMD markedly increased in HN rats, pretreatment with 3-MA dramatically reduced the elevated expression of caspase-1, caspase-11, and GSDMD in the HN kidney. Immunohistochemistry of caspase-11 demonstrated that caspase-11 was predominantly localized in tubular epithelial cells in injured kidneys associated with HN, and 3-MA reduced the number of caspase-11-positive cells (Figures 4E, F). Moreover, immunofluorescence staining of GSDMD further revealed that GSDMD was primarily located in renal tubular epithelial cells and highly expressed in injured kidneys (Figures 4G, H). Thus, our results implied hyperuricemic induced autophagy and activated the NLRP3 inflammasome-mediated pyroptosis, and treatment with 3-MA was effective in ameliorating this responses.




Figure 4 | Administration of 3-MA inhibits the process of pyroptosis in a rat model of HN. (A) Western blot was conducted to evaluate the protein level of caspase-1, caspase-11, GSDMD and GAPDH in the kidney tissue lysates. (B–D) Scatter plots showing the densitometry analysis of caspase-1, caspase-11 and GSDMD normalized by GAPDH. (E) Immunohistochemistry staining was used to detect the level of caspase-11. (F) Positive area of caspase-11. (G) Immunofluorescence staining was used to detect the level of GSDMD. (H) Positive area of GSDMD. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 μm.





Inhibition of Autophagy Prevents the Process of Pyroptosis in HK-2 Cells Exposed to Uric Acid

To further determine the role of autophagy in activating pyroptosis, we used autophagy inhibitor 3-MA as well as knockdown of Beclin-1 targeted by siRNA to inhibit autophagy for in vitro studies. Uric acid was found to induce a significant upregulation of caspase-1, caspase-11, and GSDMD, pretreatment with 3-MA dose-dependently reduced expression level of caspase-1, caspase-11 and GSDMD (Figures 5A–D). Immunofluorescence assay further confirmed that the expression of caspase-11 and GSDMD significantly increased in response to uric acid, treatment with 3-MA reduced the expression of caspase-11 and GSDMD in HK-2 cells (Figures 5E–G). As expected, knockdown of Beclin-1 reduced expression levels of caspase-1 and GSDMD (Figures 5H–J), which performed the same effects with inhibitor. Collectively, these data further conform that 3-MA inhibits the process of pyroptosis in HK-2 cells exposed to uric acid.




Figure 5 | Inhibition of autophagy prevents the process of pyroptosis in HK-2 cells exposed to uric acid. (A) Western blot was conducted to evaluate the protein level of caspase-1, caspase-11, GSDMD and GAPDH in HK-2 cell lysates. (B–D) Scatter plots showing the densitometry analysis of caspase-1, caspase-11 and GSDMD normalized by GAPDH. (E) Photomicrographs illustrating immunofluorescence of caspase-11 and GSDMD, respectively, costained with DAPI. (F, G) Positive cells of caspase-11 and GSDMD were quantitatively analyzed. (H) Western blot was conducted to evaluate the protein level of caspase-1, GSDMD and GAPDH in HK-2 cell lysates. (I, J) Scatter plots showing the densitometry analysis of caspase-1 and GSDMD normalized by GAPDH. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 μm.





Inhibition of Autophagy With 3-MA Prevents the Release of IL-1β and IL-18 Both in HN Rats and in HK-2 Cells

After the process of pyroptosis, the freed-out N-terminal domain of GSDMD further regulates Pannexin and Potassium iron efflux, causes osmotic potential disruption, cell swelling and lysis, as well as releases of inflammatory cytokines such as IL-1β and IL-18 (31). To evaluate whether autophagy plays a crucial role in mediating the release of inflammatory cytokines after pyroptosis, we examined the effect of autophagy inhibition on the release of IL-1β and IL-18 in vivo and in vitro. Immunofluorescence staining showed that IL-1β and IL-18 were mainly located in the cytoplasm of renal tubules and highly expressed in the kidney of HN rats. 3-MA treatment inhibited the expression of IL-1β and IL-18 (Figures 6A–C). We further verified the role of autophagy in regulating the release of inflammatory cytokines in HK-2 cells exposed to uric acid. We found that after 36 hours uric acid stimulation, the cells were positively stained for IL-1β and IL-18 in the cytoplasm. Pretreatment with 10 mM 3-MA significantly reduced their expression (Figures 6D–F). All in all, these results indicate that inhibition of autophagy with 3-MA prevents the release of IL-1β and IL-18 both in vivo and in vitro.




Figure 6 | Inhibition of autophagy with 3-MA prevents the release of IL-1β and IL-18 both in HN rats and in HK-2 cells. (A) Photomicrographs illustrating immunofluorescence of IL-1β and IL-18 from kidney tissues. (B, C) Positive areas of IL-1β and IL-18 were quantitatively analyzed. (D) Photomicrographs illustrating immunofluorescence of IL-1β and IL-18, respectively, costained with DAPI. (E, F) Positive cells of IL-1β and IL-18 were quantitatively analyzed. ****P<0.0001. All scale bars = 50 μm.





Uric Acid-Induced NLRP3 Inflammasome Activation and Pyroptosis Are Regulated by CTSB

Previous study has indicated that crystal-induced (such as monosodium urate) lysosomal damage plays a crucial role in activating the NLRP3 inflammasome (32). Lysosomes contain several proteolytic enzymes, one of which is the CTSB family. First, we investigated whether CTSB was released into cytoplasm in the kidney of HN rats. Protein level of CTSB significantly increased in HN rats compared to the sham rats, administration with 3-MA reduced its expression (Figures 7A, B). Immunohistochemistry staining pointed out that CTSB mainly expressed in the cytoplasm of damaged tubular epithelial cells, and remarkably reduced after 3-MA treatment (Figures 7C, D). At the same time, in our in vitro study, we found that CTSB expression in HK-2 cells was significantly increased after 36 hours uric acid exposure compared with the sham group, treatment with 3-MA reduced the protein level of CTSB in a dose-dependent manner (Figures 7E, F). Immunofluorescence staining confirmed the effect of 3-MA in decreasing the release of CTSB in cytoplasm (Figures 7G, H). Consistent with these results, knockdown of Beclin-1 also reduced protein level of CTSB (Figures 7I, J). To further examine whether release of CTSB was involved in the activation of NLRP3 inflammasome and pyroptosis, HK-2 cells were transfected with CTSB siRNA to blockage the activities of CTSB. Transfected with CTSB siRNA caused a significant reduction of CTSB protein levels. Knockdown of CTSB had less expression of NLRP3, caspase-1, and GSDMD (Figures 8A–E). Taken together, these results demonstrated that CTSB was critical for uric acid-induced activation of NLRP3 inflammasome and pyroptosis, which is associated with autophagy.




Figure 7 | Uric acid upregulated the expression of CTSB both in HN rats and in HK-2 cells. (A) Western blot was conducted to evaluate the protein level of CTSB and GAPDH in the kidney tissue lysates. (B) Scatter plot showing the densitometry analysis of CTSB normalized by GAPDH. (C) Immunohistochemistry staining was used to detect the level of CTSB. (D) Positive area of CTSB. (E) Western blot was conducted to evaluate the protein level of CTSB and GAPDH in HK-2 cell lysates. (F) Scatter plot showing the densitometry analysis of CTSB normalized by GAPDH. (G) Immunofluorescence staining was used to detect the level of CTSB. (H) The count of CTSB-positive cells. (I) Western blot was conducted to evaluate the protein level of CTSB and GAPDH in HK-2 cell lysates. (J) Scatter plot showing the densitometry analysis of CTSB normalized by GAPDH. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 μm.






Figure 8 | Uric acid-induced NLRP3 inflammasome activation and pyroptosis are regulated by CTSB. (A) Western blot was conducted to evaluate the protein level of CTSB, NLRP3, caspase-1, GSDMD and GAPDH in HK-2 cell lysates. (B–E) Scatter plots showing the densitometry analysis of CTSB, NLRP3, caspase-1 and GSDMD normalized by GAPDH. (F) Mechanisms of uric acid-induced autophagy promotes HN. Chronic exposure to uric acid induces dysregulation of autophagy, which is mediated by p53 pathway. The activation of autophagy further activated NLRP3 inflammasome and pyroptosis. The release of CTSB from autolysosome plays a crucial role in the activation of NLRP3 inflammasome and pyroptosis, which leads to the release of IL-1β and IL-18. Blockade of autophagy inhibits the aforementioned responses so that prevents the occur of hyperuricemic nephropathy. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001.



In the present study, we found that chronic exposure to uric acid induces dysregulation of autophagy, which is mediated by p53 pathway. The activation of autophagy further activated NLRP3 inflammasome and pyroptosis. The release of CTSB from autolysosome plays a crucial role in the activation of NLRP3 inflammasome and pyroptosis, which leads to the release of IL-1β and IL-18. Blockade of autophagy inhibits the aforementioned responses, thus prevents the development and progression of hyperuricemic nephropathy (Figure 8F).




Discussion

Hyperuricemic nephropathy, a chronic and progressive metabolic disease, is a common clinical complication of hyperuricemia. Our recent study has provided the solid evidence for the renoprotection role of autophagy inhibition in HN (8). However, how does uric acid trigger the activation of autophagy and further mechanism which leads to the HN is not fully investigated. Thus, we further examined the activation of autophagy in uric acid-stimulated HK-2 cells, and investigated the mechanisms by which inhibition of autophagy ameliorates the development of HN induced by feeding a mixture of adenine and potassium oxonate. The present study demonstrated that chronic exposure to uric acid induces activation of autophagy, which is mediated by p53 pathway. Uric acid upregulated the level of autophagy and further triggered NLRP3 inflammasome activation, leading to pyroptotic cell death; and these effects could be inhibited by 3-MA. Additionally, we found that uric acid-induced autophagy was implicated in regulating the release of CTSB, subsequent NLRP3 inflammasome activation, and pyroptotic cell death. Taken together, we have shown that blockade of autophagy prevents HN through inhibiting NLRP3 inflammasome-mediated pyroptosis.

Autophagy is an important physiological process that maintains cellular homeostasis. However, autophagy dysfunction is related to multiple diseases, such as Alzheimer disease and Huntington disease (33, 34). In this study, we found that autophagy was also activated in the uric acid-stimulated HK-2 cells. Images from TEM indicated multiple of autophagy-related vacuoles such as autophagosome and autolysosome were observed in uric acid-stimulated HK-2 cells compared to control cells. Uric acid also triggered a significant upregulation of Beclin-1 and Atg7. These findings are consistent with our previous study, which demonstrated that autophagy was activated in HN rats (8). Despite the emerging evidence showing the upregulation of autophagy during HN, the upstream signaling stimulates the activation of autophagy remains unclear. It is illustrated that p53 activates autophagy (35). p53 is a sequence-specific DNA-binding transcription factor and, among a large number of genes regulated directly by p53, are autophagy-related genes, including Ulk1 and Atg7 (25, 36). p53 induction in this setting contributes to autophagy. We speculated that uric acid also induces autophagy through p53 signaling pathway. In this study, we found that compared to the sham rats, HN rats displayed increased expression of p53 in the kidney. In addition, reduction of p53 expression by its specific siRNA decreased uric acid stimulated expression of Beclin-1 and Atg7. These results demonstrate that uric acid may trigger autophagy by regulating p53 signaling pathway.

Considering that autophagy is activated in HN rats, it is worth to investigate how does autophagy contributes the progression of HN. Emerging evidence have shown that the interplay between autophagy and NLRP3 inflammasome plays a crucial role in metabolic diseases (27, 37). Inflammasome, a complex component of various proteins, is an important part of the innate immune system and plays a key role on detecting the presence of infection, the pathogens and the metabolic signals in cells (38). NLRP3 could be activated by diverse triggers including exogenous pathogen-associated molecular patterns and endogenous damage-associated molecular patterns (39). As a pathogen-associated molecular pattern, uric acid can cause the activation of NLRP3 inflammasome and subsequent release of IL-1β and IL-18 and lead to severe kidney damage (40). In this regard, we found that NLRP3 was significantly increased in HN rats, while administration with 3-MA resulted in the reduction of NLRP3. It suggests that interplay between autophagy and NLRP3 inflammasome plays an important role in the progression of HN. In accordance, uric acid-activated NLRP3 inflammasome is connected with EMT, and tubular interstitial fibrosis (41). These events accelerate HN process. Furthermore, our in vitro study also demonstrated that exposure of HK-2 cells to uric acid resulted in increased expression of NLRP3. Interestingly, in HN, monosodium urate, can activate NLRP3 inflammasome in other renal cells. In renal neutrophils and macrophages, NLRP3 inflammasome is activated by monosodium urate crystals which are phagocyted and resulted in the release of proinflammatory cytokines (42). In podocyte, the TXNIP/NLRP3/NF-κB signaling pathway can upregulate the cellular NLRP3 inflammasome expression levels, which is closely related to uric acid-induced podocyte injury (43). In addition, activation of NLRP3 inflammasome is related to interstitial mononuclear cells infiltration and tubular epithelial cells detachment (44). Whether the activation of NLRP3 inflammasomes in these renal cells is regulated by autophagy remains to be further studied.

Recently, the role of autophagy in the activation of NLRP3 inflammasome leading to pyroptosis has been largely investigated. Pyroptosis is a type of inflammatory cell death, GSDMD is believed as the executor of pyroptosis (45). Previous study has demonstrated that caspase-1 and caspase-11 could regulate the process of pyroptosis, which means that the overexpression of caspase-1 and caspase-11 may be the hallmark of pyroptosis (46, 47). Activation of caspase-1 and caspase-11 not only produce IL-1β and IL-18, but also cause cleavage of GSDMD and cell membrane perforation, resulting in the release of various inflammatory factors that aggravate pyroptosis (48). In this study, our results showed that proteins level of caspase-1, caspase-11, and GSDMD markedly increased in HN rats, pretreatment with 3-MA dramatically reduced the elevated expression of caspase-1, caspase-11, and GSDMD in the HN kidney. These results suggested that autophagy plays an important role in contributing the process of pyroptosis in HN. Specifically, pyroptosis is primarily considered to be a unique, proinflammatory cell death in immune cells. However, emerging evidence has shown that pyroptosis is also evoked in other cells, such as alcohol hepatitis–induced hepatocyte pyroptosis, lipopolysaccharide-induced lung endothelial cell pyroptosis, and ischemia/reperfusion–induced primary proximal tubular cells (47, 49, 50). Consistently, our results also demonstrated that caspase-11 and GSDMD were predominantly localized in tubular epithelial cells in injured kidneys associated with HN. Moreover, Uric acid was found to induce a significant upregulation of caspase-1, caspase-11, and GSDMD in HK-2 cells. It is worth noting that the relationship between autophagy and pyroptosis is still controversial. For instance, Pu et al. have indicated that knockdown of Atg7 contributes the activation of inflammasome and pyroptosis in Pseudomonas Sepsis (29). Another study also indicated that inhibition of autophagy can cause NLRP3 inflammasome activation and pyroptosis in dendritic cells or macrophages (51). On the contrary, in benzoapyrene induced HL-7702 human normal liver cells, inhibition of autophagy with 3-MA can ameliorate the pyroptotic cell death (30), which is consistent with the present study. Obviously, the relationship between autophagy and pyroptosis is complicate and further studies are need to address this issue.

Furthermore, the results in the present study may have a significant implication in the cell biology of CTSB. CTSB, a lysosomal cysteine protease, has been demonstrated to participate in autophagy-induced inflammasome activation (52). It has an integral role in autophagy, metabolism, cellular stress signaling, antigen presentation, and lysosome-dependent cell death (53). In our study, protein level of CTSB significantly increased in HN rats compared to the sham rats. Meanwhile, CTSB activation were observed in uric acid-stimulated HK-2 cells. Transfected with the CTSB siRNA results in the reduce of caspase-1 and decrease of pyroptotic cell death in HK-2 cells exposed to uric acid. Furthermore, the increased level of CTSB and subsequent activation of NLRP3 inflammasome and pyroptotic cell death induced by uric acid were reversed by 3-MA. These results demonstrate that CTSB contributes to the uric acid-induced activation of NLRP3 inflammasome, which was autophagy-dependent.

In conclusion, this study demonstrated that chronic exposure to uric acid induces dysregulation of autophagy, which is mediated by p53 pathway. The activation of autophagy further activated NLRP3 inflammasome and pyroptosis. The molecular mechanism of NLRP3 inflammasome activation underlies the autophagy and the release of CTSB from autolysosome caused by uric acid exposure. We also show that blockade of autophagy improves uric acid-induced pyroptosis by inhibiting autophagic-inflammasome pathways so that prevents the occur of hyperuricemic nephropathy. Therefore, this study provides a novel insight into hyperuricemic nephropathy, which may be utilized to improve therapeutic strategies for HN.
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Peritoneal fibrosis contributes to ultrafiltration failure in peritoneal dialysis (PD) patients and thus restricts the wide application of PD in clinic. Recently we have demonstrated that histone deacetylase 6 (HDAC6) is critically implicated in high glucose peritoneal dialysis fluid (HG-PDF) induced peritoneal fibrosis, however, the precise mechanisms of HDAC6 in peritoneal fibrosis have not been elucidated. Here, we focused on the role and mechanisms of HDAC6 in chlorhexidine gluconate (CG) induced peritoneal fibrosis and discussed the mechanisms involved. We found Tubastatin A (TA), a selective inhibitor of HDAC6, significantly prevented the progression of peritoneal fibrosis, as characterized by reduction of epithelial-mesenchymal transition (EMT) and extracellular matrix (ECM) protein deposition. Inhibition of HDAC6 remarkably suppressed the expression of matrix metalloproteinases-2 (MMP2) and MMP-9. Administration of TA also increased the expression of acetylation Histone H3 and acetylation α-tubulin. Moreover, our results revealed that blockade of HDAC6 inhibited alternatively M2 macrophages polarization by suppressing the activation of TGF-β/Smad3, PI3K/AKT, and STAT3, STAT6 pathways. To give a better understanding of the mechanisms, we further established two cell injured models in Raw264.7 cells by using IL-4 and HG-PDF. Our in vitro experiments illustrated that both IL-4 and HG-PDF could induce M2 macrophage polarization, as demonstrated by upregulation of CD163 and Arginase-1. Inhibition of HDAC6 by TA significantly abrogated M2 macrophage polarization dose-dependently by suppressing TGF-β/Smad, IL4/STAT6, and PI3K/AKT signaling pathways. Collectively, our study revealed that blockade of HDAC6 by TA could suppress the progression of CG-induced peritoneal fibrosis by blockade of M2 macrophage polarization. Thus, HDAC6 may be a promising target in peritoneal fibrosis treatment.
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Introduction

It has been reported the prevalence of end-stage kidney diseases (ESKD) is continually increasing (1), and peritoneal dialysis (PD) is an alternative way of renal replacement therapy for patients with ESKD (2). Despite the similar outcome with hemodialysis (3), PD is still not the first choice for most patients with chronic kidney disease stage 5. Only about 13% dialysis patients in European and about 10% dialysis patients in the USA receive PD (4). The clinical application of PD as a renal replacement therapy is limited by the occurrence of ultrafiltration failure (UFF), which can result in withdrawal from dialysis. Some studies revealed the prevalence of UFF in long-term PD patients may exceed 30% (5). The decline of the ultrafiltration capacity (the ability to remove the excess water and metabolic waste products) is ascribed to many complicated reasons. Among the causes of UFF, peritoneal fibrosis must not be overlooked.

The mechanisms by which regulate peritoneal fibrosis have been a hot point in PD field for a long time, including the chronic peritoneal inflammation state (6), angiogenesis, epithelial-to-mesenchymal (EMT) and so on (7, 8). The interplay between these processes plays a great role to promote the pathophysiology process of peritoneal fibrosis. Recently, inflammation has become increasingly important in the process of peritoneal fibrosis, and inflammatory microenvironment can accelerate the development of angiogenesis and EMT (8, 9). Several inflammatory pathways are involved in the peritoneal fibrosis such as NOD-like receptor protein 3 (NLRP3), Toll-like receptor (TLR), NF-κB, interleukin (IL)-1β, IL-6, IL-17, and other cytokines (8). Moreover, immune cell infiltration is also reported to participate in peritoneal fibrosis, which includes the alternative activation of macrophages (M2) (10, 11).

Macrophages are immune cells that can be polarized into different subtypes by various stimuli and microenvironment (12). Generally, the classically activated macrophages (M1) can be induced by lipopolysaccharide (LPS) and interferon-γ (IFN-γ), while the alternative activation of macrophages (M2) can be induced by IL-4 and IL-13 (12–14). It has been demonstrated that M2 macrophage polarization is related to fibrotic remodeling and tissue repair of multiple internal organs, including heart, kidney, liver, gastrointestinal tract and lung (15, 16). Recent studies identified that microenvironment stimulates macrophage M2 polarization mostly through activation of TGF-β/Smad, IL4/STAT6, PI3K/AKT signaling pathways (17–20). We used to find CD68-positive macrophage cells in the thickened sub-mesothelial area in our murine peritoneal fibrosis model (21). Meanwhile, M2 macrophages are considered to participate in peritoneal fibrosis and the depletion of M2 macrophages in peritoneum could mitigate the peritoneal fibrosis in the previous research (22). However, the underlying mechanisms to regulate M2 macrophage polarization during peritoneal fibrosis are still not clear.

On the other hand, several studies have shown the critical role of epigenetic regulation in fibrotic diseases in recent years. Acetylation is one of the ways of post-translational modifications, and the histone deacetylase [HDAC; also named as lysine deacetylases (KDACs)] family is a group of key factors regulating the acetylation in a series of physiological and pathological activities (23, 24). HDAC6, which is mainly located in the cytoplasm, is a unique member of the HDAC family and has effects on both histone and nonhistone acetylation. The main nonhistone substrates of HDAC6 include α-tubulin, cortactin and HSP90 (25). In addition to its involvement in tumor proliferation, invasion and metastasis (25), HDAC6 also plays an important role in cardiac fibrosis (26), renal fibrosis (27), peritoneal fibrosis and many other fibrotic diseases. Except for HDAC6, another subtype of HDAC family, HDAC1 from class I has also been confirmed to be associated with peritoneal fibrosis (28). HDAC1 was reported to induce mesothelial to mesenchymal transition (MMT)-related marker gene expression in mesothelial cells isolated from effluent of PD patients. Thus, this research pinpointed a role for HDAC1 as a new player in the regulation of peritoneal fibrosis (28). In our previous study, we found an elevated expression of HDAC6 in peritoneum and dialysis effluent from PD patients (29). Moreover, we demonstrated that HDAC6 was indispensable in interleukin-6 induced EMT, proliferation and migration of peritoneal mesothelial cells (30). However, the link between HDAC6 and M2 polarization in PF remains unclear.

In this study, we explored the role of HDAC6 in M2 macrophage polarization in a chlorhexidine gluconate (CG)-induced peritoneal fibrosis model by using a selective HDAC6 inhibitor Tubastatin A (TA). We further established two cell injured models in Raw264.7 cells by using IL-4 and high glucose peritoneal dialysis fluid (HG-PDF), and explored the relevant regulatory mechanisms, including TGF-β/Smad, IL4/STAT6, and PI3K/AKT signaling pathways. This study will further clarify the role and mechanism of HDAC6 in M2 macrophage polarization, and recommend HDAC6 as a potential target for therapy of peritoneal fibrosis in the future.



Materials and Methods


Antibodies and Reagents

Tubastatin A was purchased from Selleckchem (Houston, TX, United States). Antibodies to HDAC6 (#7612), Acetyl Histone H3 (Lys9) (#9649), Histone H3 (#9717), Acetyl α-Tubulin (Lys40) (#5335), α-Tubulin (#3873), Smad3 (#9523), p-Smad3 (#9520), TAK1 (#5206), p-TAK1 (#9339), Snail (#3879), PI3K (#4257), p-PI3K (#17366), AKT (#4691), p-AKT (#4060), STAT3 (#9139), p-STAT3 (#9138), CTGF (#86641), E-cadherin (#14472), STAT6 (#5397) and p-STAT6 (#56554) were purchased from Cell Signaling Technology (Danvers, MA, United States). Antibodies to Fibronectin (ab2413), MMP2 (ab37150), MMP9 (ab38898) were purchased from Abcam (Cambridge, MA). Antibody to Twist (A3237) was purchased from ABclonal (Wuhan, China). Antibodies to GAPDH (sc-32233), Collagen I (A2) (sc-28654), CD68 (sc-20060), TGFβRI (sc-399) were purchased from Santa Cruz Biotechnology (San Diego, CA, United States). Antibodies to Arginase-1 (GB11285) and CD163 (GB11340) were purchased from Servicebio (Wuhan, China). IL-4 protein was purchased from R&D Systems (Minneapolis, MN, United States). Peritoneal dialysate was purchased from Baxter Healthcare (Guangzhou, China). Antibody to α-SMA (A2547), chlorhexidine gluconate (C9394) and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, United States).



Animal Model and Experimental Design

Animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee at Tongji University (Shanghai, RP China). C57/black mice (provided by Shanghai Super-B&K Laboratory Animal Corp. Ltd, Shanghai, PR China) that weighed 20-25g were maintained in a pathogen-free facility under a 12 h light-dark cycle with abundant food and water supplied. All animal work was performed in Tongji University school of medicine. The mouse model of PF was established by intraperitoneal injection of 0.1% chlorhexidine gluconate (CG) (10 ml/kg) dissolved in saline every other day for 21 days as previously described (21). On the other hand, several mice in TA treatment group were injected intraperitoneally with a single dose of TA (70 mg/kg) in DMSO every day to investigate the therapeutic effects (31). Mice were randomly divided into four groups with 6 mice per group: (1) sham: mice injected with an equivalent amount of saline intraperitoneally and DMSO; (2) sham + TA: mice injected with an equivalent amount of saline intraperitoneally and 70 mg/kg TA; (3) CG: mice injected with 0.1% CG intraperitoneally and an equivalent amount of DMSO; (4) CG + TA: mice injected with 0.1% CG intraperitoneally and 70 mg/kg TA. At the end of 21 days, all mice were killed by exsanguination under anesthesia with inhaled 5% isoflurane in room air and the parietal peritoneum was collected from each mouse for further experiments.



Macrophage Culture

Raw264.7 cells were obtained from American Type Culture Collection and maintained in RPMI-1640 medium supplemented with 10% FBS, 1% penicillin and streptomycin in an atmosphere of 5% CO2 and 95% air at 37°C. We established two cell injured models in Raw264.7 cells in this study. (1) IL-4-stimulated model: IL-4 (10 ng/ml) was used to stimulate the transformation of Raw264.7 murine macrophage into M2 macrophage. Raw264.7 cells were starved for 12 hours and then exposed to IL-4 (10 ng/ml) for 12 hours in the presence or absence of different doses of TA (1µM, 5µM, 10µM) before cell harvesting. (2) HG-PDF-stimulated model: Different peritoneal dialysis fluid (HG-PDF, containing 1.5%, 2.5%, 4.25% glucose) was mixed with the cell culture medium (1:1 mix), then was used to stimulate the transformation of Raw264.7 murine macrophage into M2 macrophage. Raw264.7 cells were starved for 12 hours and then exposed to the HG-PDF for 36 hours in the presence or absence of different doses of TA (1µM, 5µM, 10µM) before cell harvesting. All of the in vitro experiments were repeated at least three times.



Immunoblot Analysis

Cell samples and peritoneal tissue samples were prepared and determined total protein concentration (μg/μl) for clarified homogenates by bicinchoninic acid (BCA) assay, according to the manufacturer’s instructions (ThermoFisher). Proteins were separated by SDS-PAGE Gel electrophoresis (8%-12%) in 120V for 90 minutes and transferred to 0.2 mm nitrocellulose membranes (80V for 80 minutes). After incubation with 5% nonfat milk for 1 hour at room temperature, the membranes were incubated with primary antibodies overnight at 4°C and then incubated with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour on the shaker at room temperature. Membranes were washed three times with prewarmed TBST in 10 minutes. Bound antibodies were visualized by chemiluminescence detection. Densitometry analysis of immunoblot results was conducted by using Image J software.



Morphologic Studies of Peritoneum

The fixed peritoneum tissues were embedded in paraffin, cut into 3-μm-thick sections, and sectioned onto slides. The slides were stained with Masson’s trichrome staining and Sirius red staining to evaluate the degree of fibrosis and collagen deposits. The staining was performed according to the protocol provided by the supplier (Sigma-Aldrich). The positive area of Masson’s trichrome staining and Sirius red staining were quantitatively measured using Image Pro-Plus software (Media-Cybernetics, Silver Spring, MD, USA) by drawing a line around the perimeter of positive staining area, and the ratio to each microscopic field was calculated and graphed. Slides were captured with a Nikon Eclipse 80i microscope equipped with a digital camera (DS-Ri1, Nikon, Shanghai, China).



Immunohistochemical and Immunofluorescence Staining

Immunohistochemical and immunofluorescence staining were carried out according to the procedure described in our previous study (32, 33). FFPE sections (3 μm) were rehydrated and incubated with primary antibodies against α-SMA (1:100, ab5694, Abcam), Twist (1:100, ab175430, Abcam), HDAC6 (1:100, A11259, ABclonal), CD163 (1:100, GB11340-1, Servicebio), Collagen I (1:400, GB11022-3, Servicebio), CD68 (1:100, sc-20060, Santa Cruz Biotechnology) and Arginase-1 (1:100, #93668, Cell Signaling Technology), and then secondary antibodies (Invitrogen). Slides were captured with a Nikon Eclipse 80i microscope equipped with a digital camera (DS-Ri1, Nikon, Shanghai, China).



Statistical Analysis

All the experiments were conducted at least three times. Data depicted in graphs are expressed as means ± S.E.M. for each group. Student’s t-test was employed for comparisons between two groups and one-way analysis of variance (ANOVA) followed by Tukey’s post-test for multiple comparisons was used for groups of three or more. All tests were two-tailed. The p-value less than 0.05 was considered statistically significant and was marked in each graph. P<0.05 was considered significant. The statistical analyses were conducted by using IBM SPSS Statistics 20.0 (Version X; IBM, Armonk, NY, USA).




Results


Administration of TA Effectively Suppresses HDAC6 Expression and CG-Induced Peritoneal Fibrosis

To better clarify the role of HDAC6 in peritoneal fibrosis, we established a murine peritoneal fibrosis model by intraperitoneally injecting 0.1% CG every other day for 21 days. In addition, we used TA, a selective inhibitor of HDAC6, to explore the effects of HDAC6 inhibition in this study. In the group of mice that only accepted CG injection, we found a relatively higher expression of HDAC6 companied with the down-regulation of Acetyl Histone H3 and Acetyl α-Tubulin. This trend, however, could be effectively reversed by TA treatment (Figures 1A–F). The Masson’s Trichrome staining and Sirius Red staining showed the mice that accepted the treatment of TA had a slighter morphological change in peritoneum compared to their counterparts which only received intraperitoneal injection of CG (Figure 1G). We also performed the morphometric quantification of the positive area and thickness of the peritoneum (Figures 1H–J), further confirming the anti-fibrogenic effect of TA. All the data showed us that HDAC6 overexpressed in the CG-induced peritoneal fibrosis and the degree of peritoneal fibrosis injury could be ameliorated by inhibition of HDAC6.




Figure 1 | TA effectively suppresses HDAC6 expression and CG-induced peritoneal fibrosis. (A) Western blot analysis showed the protein levels of HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH in peritoneum from different groups of mice. Expression levels of (B) HDAC6, (C) Acetyl Histone H3, (D) Histone H3, (E) Acetyl α-Tubulin, and (F) α-Tubulin in different groups were quantified by densitometry and normalized with GAPDH, Histone H3, and α-Tubulin respectively. (G) Representative micrographs of Masson’s Trichrome staining and Sirius Red staining of the peritoneum from different groups of mice. (H) The positive area of Masson’s Trichrome staining-positive submesothelial area (blue). (I) The thickness of peritoneum according to Masson’s Trichrome staining. (J) The positive area of Sirius Red-positive submesothelial area (red). Data were expressed as means ± SEM. *P<0.05, **P<0.01, ****P<0.0001. All scale bars = 20 μm. NS: P≥0.05.





TA Inhibits CG-Induced EMT and ECM Protein Deposition in the Fibrotic Peritoneum

To further explore the role of HDAC6 in the process of EMT and ECM protein deposition, we analyzed protein levels of α-SMA, Collagen I, Fibronectin and E-cadherin in the mice peritoneum. We observed elevated levels of α-SMA, Collagen I, Fibronectin, and decreased level of E-cadherin in the CG-injected group, while TA treatment effectively up-regulated the E-cadherin expression and down-regulated several ECM proteins, including Collagen I and Fibronectin (Figures 2A–E). To confirm this observation, we next conducted immunofluorescence staining for α-SMA and immunohistochemical staining for Collagen I. The results (Figures 2F, G) also demonstrated that TA prominently decreased α-SMA and Collagen I in CG-injured peritoneum tissues. Several previous studies have reported that MMP2 and MMP9, two members of matrix metalloproteinases, are linked to EMT and ECM protein deposition (34, 35). The inhibition of the MMP2 was reported to decrease cardiac fibrosis (36). So, we detected the expression levels of MMP2 and MMP9 in the mice’s peritoneum. After comparing the protein levels in different groups, we found that administration of TA reduced the MMP2 and MMP9 levels in CG-induced fibrotic peritoneum (Figures 2H–J). Collectively, these results showed that inhibition of HDAC6 by TA could block the EMT process of peritoneal mesothelial cells and ECM protein deposition within the peritoneum.




Figure 2 | TA inhibits CG-induced EMT and ECM protein deposition in the fibrotic peritoneum. (A) Western blot analysis showed the protein levels of α-SMA, Collagen I, Fibronectin, E-cadherin, and GAPDH in peritoneum from different groups of mice. Expression levels of (B) α-SMA, (C) Collagen I, (D) Fibronectin, and (E) E-cadherin in different groups were quantified by densitometry and normalized with GAPDH. (F) Representative micrographs of immunofluorescence staining of α-SMA and quantization count of α-SMA-positive cells. (G) Representative micrographs of immunohistochemical staining of Collagen I and quantization of Collagen I-positive area (%). (H) Western blot analysis showed the protein levels of MMP2, MMP9, and GAPDH in peritoneum from different groups of mice. Expression levels of (I) MMP2 and (J) MMP9 in different groups were quantified by densitometry and normalized with GAPDH. Data were expressed as means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All scale bars = 20 μm. NS: P≥0.05.





Inhibition of HDAC6 Prevents Macrophage Infiltration and Alternatively Activated Macrophages (M2) Polarization in CG-Induced Mouse Model

Considering the importance of macrophage in peritoneal fibrosis, we further observed the infiltration and polarization of macrophage in a mouse peritoneal fibrosis model established by CG. The results of immunoblotting and immunohistochemistry suggested that macrophages infiltrated heavily in the fibrotic peritoneal tissue with the increased expression level of CD68 (the cell marker of macrophages) (Figures 3A–D). TA treatment significantly down-regulated the expression of CD68 and reduced CD68-positive cells in the thickened peritoneum (Figures 3A–D). The enhanced M2 macrophage polarization has been taken as the pro-fibrotic factor in various fibrotic diseases, including peritoneal fibrosis. To assess whether the inhibition of HDAC6 by TA affected the M2 polarization, we again analyzed the levels of characteristic markers of M2 macrophages in peritoneum. The Arginase-1 [a functional marker of M2 phenotype (37)] and CD163 [a cell-surface marker of M2 phenotype (37)] expressed relatively higher in the CG group, while TA treatment could effectively decrease the expression of Arginase-1 and CD163 (Figures 3E–G). The immunofluorescence staining of Arginase-1 also showed that TA could reduce the Arginase-1 positive cells in peritoneum after CG injection (Figure 3H). Taken together, these results suggested that M2 macrophage polarization was involved in the process of peritoneal fibrosis, and inhibition of HDAC6 by TA could not only prevent the macrophage infiltration but also M2 polarization, resulting in amelioration of peritoneal fibrosis.




Figure 3 | Inhibition of HDAC6 prevents macrophage infiltration and alternatively activated macrophages (M2) polarization in CG-induced mouse model. (A) Western blot analysis showed the levels of CD68 and GAPDH in peritoneum from different groups of mice. (B) Expression levels of CD68 in different groups were quantified by densitometry and normalized with GAPDH. (C) Representative micrographs of immunohistochemical staining of CD68 on peritoneum from different groups of mice. Red arrows represent CD68 positive cells. (D) Quantization count of CD68-positive cells. (E) Western blot analysis showed the levels of Arginase-1, CD163, and GAPDH in peritoneum from different groups of mice. Expression levels of (F) Arginase-1 and (G) CD163 in different groups were quantified by densitometry and normalized with GAPDH. (H) Representative micrographs of immunofluorescence staining of Arginase-1 in peritoneum from different groups of mice. Red arrows represent Arginase-1 positive cells. Data were expressed as means ± SEM. **P<0.01, ***P<0.001, ****P<0.0001. All scale bars = 20 μm. NS: P≥0.05.





Inhibition of HDAC6 by TA Prevents M2 Macrophage Polarization via Suppressing TGF-β/Smad3 Signaling Pathway In Vivo

TGF-β1/Smad3 signaling pathway is proved to be critical in the pathology studies of peritoneal fibrosis (38, 39), and recent research reports that exposure to TGF-β1 can induce the M2 polarization in macrophages (40). We wondered whether the inhibition of HDAC6 manipulated the TGF-β1/Smad3 in M2 macrophage polarization. In this study, the intraperitoneal injection of CG induced upregulation of TGFβRI and connective tissue growth factor [CTGF, an important downstream mediator of TGF-β1 in fibrotic process (41)], as well as promoted the phosphorylation of Smad3 and TAK1 (Figures 4A–G). In the treatment group, TA could inhibit TGF-β1/Smad3 signaling pathway and its downstream signal, TAK1 and CTGF (Figures 4A–G). We further detected the expressions of Twist and Snail, which are two key nuclear transcription factors of TGF-β1 signal (42). Both of them were almost not expressed in the sham group with/without TA injection, while CG prolonged exposure markedly increased their expressions in fibrotic peritoneal tissue. TA treatment had the ability to reduce expression levels of Twist and Snail, and decrease the Twist positive cells in immunofluorescence staining (Figures 4H–L). Therefore, TA could inhibit TGF-β1/Smad3 signaling pathway, and then prevent M2 macrophage polarization in peritoneal fibrosis.




Figure 4 | Inhibition of HDAC6 by TA prevents M2 macrophage polarization via suppressing TGF-β1/Smad3 signaling in vivo. (A) Western blot analysis showed the levels of TGFβRI, p-Smad3, Smad3, p-TAK1, TAK1, CTGF, and GAPDH in peritoneum from different groups of mice. Expression levels of (B) TGFβRI, (C) p-Smad3, (D) Smad3, (E) p-TAK1, (F) TAK1, and (G) CTGF in different groups were quantified by densitometry and normalized with GAPDH, Smad3, TAK1 respectively. (H) Western blot analysis showed the levels of Twist, Snail, and GAPDH in peritoneum from different groups of mice. Expression levels of (I) Twist and (J) Snail in different groups were quantified by densitometry and normalized with GAPDH. (K) Representative micrographs of immunofluorescence staining of Twist on peritoneum from different groups of mice. (L) Quantization count of Twist-positive cells. Data were expressed as means ± SEM. *P<0.05, **P<0.01, ****P<0.0001. All scale bars = 20 μm. NS: P≥0.05.





Inhibition of HDAC6 by TA Prevents M2 Macrophage Polarization via Suppressing PI3K/AKT, STAT3 and STAT6 Signaling In Vivo

Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/AKT) signaling pathway is one of the important signaling pathways manipulating proliferation, metabolism, and survival. In pulmonary fibrosis, AKT can induce M2 macrophages to produce pro-fibrotic cytokines promoting fibrosis (43). Furthermore, PI3K activation is supposed to enhance M2 polarization in bleomycin lung fibrosis (44). To determine whether HDAC6 regulated M2 polarization process through PI3K/AKT signaling pathway, we detected levels of p-PI3K, PI3K, p-AKT, and AKT in the peritoneum from different groups. CG-injection in mice up-regulated the phosphorylation of PI3K and AKT, compared with the sham group, while TA treatment could decrease the ratio of p-PI3K/PI3K and p-AKT/AKT (Figures 5A–E). This meant inhibition of HDAC6 by TA blocked the activation of PI3K/AKT signaling pathway. Numerous studies have suggested that the activated STAT6 and STAT3 enhance the M2 polarization and suppress the M1 polarization (45–47). According to our results, the phosphorylation of STAT3 and STAT6 was increased in the peritoneum from mice in the CG group, and the rise of phosphorylation was significantly suppressed by the administration of TA (Figures 5F–J). These results suggested that inhibition of HDAC6 might suppress the M2 macrophage polarization by regulating the PI3K/AKT, STAT3 and STAT6 signaling pathways.




Figure 5 | Inhibition of HDAC6 by TA prevents M2 macrophage polarization via suppressing PI3K/AKT, STAT3 and STAT6 signaling in vivo. (A) Western blot analysis showed the levels of p-PI3K, PI3K, p-AKT, AKT and GAPDH in peritoneum from different groups of mice. Expression levels of (B) p-PI3K, (C) PI3K, (D) p-AKT, and (E) AKT in different groups were quantified by densitometry and normalized with GAPDH, PI3K, AKT respectively. (F) Western blot analysis showed the levels of p-STAT3, STAT3, p-STAT6, STAT6, and GAPDH in peritoneum from different groups of mice. Expression levels of (G) p-STAT3, (H) STAT3, (I) p-STAT6, and (J) STAT6 in different groups were quantified by densitometry and normalized with GAPDH, STAT3, and STAT6 respectively. Data were expressed as means ± SEM. **P<0.01, ***P<0.001, ****P<0.0001. NS: P≥0.05.





TA Inhibits M2 Macrophage Polarization in Both IL-4 and HG-PDF Stimulated Raw264.7 Cells

The above results have clarified the relationship between HDAC6 and macrophage polarization in CG-associated peritoneal fibrosis mouse model, then we further explored the role and mechanism of HDAC6-mediated macrophage polarization in Raw264.7 cells. IL-4 was a well-known stimulator to induce M2 macrophage polarization. Compared to the starved cells, HDAC6 overexpressed in the Raw264.7 cells stimulated by IL-4 (Figures 6A, B). TA was able to suppress the expression of HDAC6, and up-regulate the Acetyl Histone H3 and Acetyl α-Tubulin in a dose-dependent way (Figures 6A–E). However, TA had no influence on total Histone H3 and total α-Tubulin protein levels. The immunofluorescence staining for HDAC6 showed the portion of HDAC6 positive cells reduced, confirming the effective inhibition of HDAC6 in the IL-4-stimulated Raw264.7 cells by TA (Figures 6F, G). Furthermore, IL-4 stimulation increased Arginase-1 and CD163 expressions, implying the polarization of Raw264.7 to M2. TA treatment down-regulated the expression of Arginase-1 and CD163 from immunoblot analysis and immunofluorescence staining (Figures 6H–K). In addition, the co-staining of HDAC6 and Arginase-1 indicated the involvement of HDAC6 in IL-4-induced M2 polarization (Figure 6L).




Figure 6 | TA inhibits M2 macrophage polarization in IL-4-stimulated Raw264.7 cells. (A) Western blot analysis showed the levels of HDAC6, Acetyl Histone H3, Histone H3, Acetyl α-Tubulin, α-Tubulin, and GAPDH in IL-4-stimulated Raw264.7 cells treated with different doses of TA. Expression levels of (B) HDAC6, (C) Acetyl Histone H3, (D) Acetyl α-Tubulin, and (E) α-Tubulin in different groups were quantified by densitometry and normalized with GAPDH, Histone H3, and α-Tubulin respectively. (F) Representative micrographs of immunofluorescence staining of HDAC6 in Raw264.7 cells with different treatments (Scale bars = 50 μm). (G) Quantization count of HDAC6-positive cells was calculated. (H) Western blot analysis showed the levels of Arginase-1, CD163, and GAPDH in IL-4-stimulated Raw264.7 cells treated with different doses of TA. Expression levels of (I) Arginase-1, and (J) CD163 in different groups were quantified by densitometry and normalized with GAPDH. (K) Representative micrographs of immunofluorescence staining of Arginase-1 and CD163 in Raw264.7 cells with different treatments, and quantization count of Arginase-1 and CD163 positive cells (Scale bars = 50 μm). (L) Co-immunofluorescence staining of HDAC6 (red) and Arginase-1 (green) in the Raw264.7 cells (Scale bars = 10 μm). Data were expressed as means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. NS: P≥0.05.



On the other hand, high glucose has been proved to mediate the polarization of peritoneal macrophages to the M2 phenotype (48). So, we further developed another in vitro model in Raw264.7 cells treated with different peritoneal dialysis fluid (HG-PDF, containing 1.5%, 2.5%, 4.25% glucose). Immunoblotting results revealed that HG-PDF was able to induce M2 macrophage polarization with increased expressions of Arginase-1 and CD163 in both dose and time dependent (Figures 7A–F). Then we similarly treated the Raw264.7 cells with different doses of TA after stimulating by 4.25% HG-PDF. The TA at a concentration of 10μM successfully decreased the expression levels of Arginase-1 and CD163 as expected (Figures 7G–I). The immunofluorescence staining further determined the suppression of M2 polarization by TA (Figure 7J). All these results demonstrated that TA could inhibit M2 macrophage polarization in both IL-4 and HG-PDF stimulated Raw264.7 cells.




Figure 7 | TA inhibits M2 macrophage polarization in HG-PDF stimulated Raw264.7 cells. (A) Western blot analysis showed the levels of Arginase-1, CD163, and GAPDH in Raw264.7 cells treated with peritoneal dialysis fluid in different dextrose concentrations. Expression levels of (B) Arginase-1 and (C) CD163 in different groups were quantified by densitometry and normalized with GAPDH. (D) Western blot analysis showed the levels of Arginase-1, CD163, and GAPDH in Raw264.7 cells treated with 4.25% HG-PDF for different times. Expression levels of (E) Arginase-1 and (F) CD163 in different groups were quantified by densitometry and normalized with GAPDH. (G) Western blot analysis showed the levels of Arginase-1, CD163, and GAPDH in 4.25% HG-PDF treated Raw264.7 cells with different doses of TA. Expression levels of (H) Arginase-1 and (I) CD163 in different groups were quantified by densitometry and normalized with GAPDH. (J) Representative micrographs of immunofluorescence staining of Arginase-1 and CD163 in Raw264.7 cells with different treatments. Quantization count of Arginase-1 and CD163 positive cells was calculated. Data were expressed as means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. All scale bars = 50 μm. NS: P≥0.05.





TA Inhibits M2 Macrophage Polarization via Suppressing TGF-β1/Smad3, PI3K/AKT, STAT3 and STAT6 Signaling in Raw264.7 Cells Stimulated by IL-4 and HG-PDF

In vitro, we also detected several signaling pathways that HDAC6 contributed to M2 macrophage polarization. As expected, the expression of TGFβRI and p-Smad3 rose in the IL-4-stimulated Raw264.7 cells (Figures 8A–C). Consistently, the administration of TA could suppress the expression of TGFβRI and p-Smad3 in a dose-dependent manner, suggesting that TA inactivated TGF-β1/Smad3 signaling after IL-4 stimulation (Figures 8A–C). Moreover, IL-4 stimulation could activate PI3K/AKT, STAT3 and STAT6 signaling pathways, while TA treatment dose-dependently inhibited all of them, especially in the dose of 10μM (Figures 8D–I). It was noteworthy that neither IL-4 stimulation nor TA treatment could influence the total protein of Smad3, PI3K, AKT, STAT3 or STAT6. Similarly, inhibition of HDAC6 with TA also blocked these aforementioned signaling pathways in 4.25% HG-PDF-stimulated Raw264.7 cells (Figure 9). In conclusion, TA inhibited both IL-4 and HG-PDF induced alternatively activated macrophages (M2) polarization in Raw264.7 cells via suppression of TGF-β1/Smad3, PI3K/AKT, STAT3 and STAT6 signaling pathways.




Figure 8 | TA inhibits M2 macrophage polarization via suppressing TGF-β1/Smad3, PI3K/AKT, STAT3 and STAT6 signaling in Raw264.7 cells stimulated by IL-4. (A) Western blot analysis showed the levels of TGFβRI, p-Smad3, Smad3, and GAPDH in IL-4-stimulated Raw264.7 cells treated with different doses of TA. Expression levels of (B) TGFβRI and (C) p-Smad3 in different groups were quantified by densitometry and normalized with GAPDH and Smad3 respectively. (D) Western blot analysis showed the levels of p-PI3K, PI3K, p-AKT, AKT and GAPDH in IL-4-stimulated Raw264.7 cells treated with different doses of TA. Expression levels of (E) p-PI3K and (F) p-AKT in different groups were quantified by densitometry and normalized with PI3K and AKT respectively. (G) Western blot analysis showed the levels of p-STAT3, STAT3, p-STAT6, STAT6, and GAPDH in IL-4-stimulated Raw264.7 cells treated with different doses of TA. Expression levels of (H) p-STAT3 and (I) p-STAT6 in different groups were quantified by densitometry and normalized with STAT3 and STAT6 respectively. Data were expressed as means ± SEM. *P<0.05, **P<0.01. NS: P≥0.05.






Figure 9 | TA inhibits M2 macrophage polarization via suppressing TGF-β1/Smad3, PI3K/AKT, STAT3 and STAT6 signaling in Raw264.7 cells stimulated by HG-PDF. (A) Western blot analysis showed the levels of TGFβRI, p-Smad3, Smad3, and GAPDH in 4.25% HG-PDF treated Raw264.7 cells with different doses of TA. Expression levels of (B) TGFβRI and (C) p-Smad3 in different groups were quantified by densitometry and normalized with GAPDH and Smad3 respectively. (D) Western blot analysis showed the levels of p-PI3K, PI3K, p-AKT, AKT, and GAPDH in 4.25% HG-PDF treated Raw264.7 cells with different doses of TA. Expression levels of (E) p-PI3K and (F) p-AKT in different groups were quantified by densitometry and normalized with PI3K and AKT respectively. (G) Western blot analysis showed the levels of p-STAT3, STAT3, p-STAT6, STAT6, and GAPDH in 4.25% HG-PDF treated Raw264.7 cells with different doses of TA. Expression levels of (H) p-STAT3 and (I) p-STAT6 in different groups were quantified by densitometry and normalized with STAT3 and STAT6 respectively. Data were expressed as means ± SEM. *P<0.05, **P<0.01, ****P<0.0001. NS: P≥0.05.






Discussion

HDAC6 is a class IIb member of the HDAC family and takes α-tubulin as deacetylation modification substrate protein by interactions with microtubules (24, 25). The inhibition of HDAC6 is reported to exert the anti-fibrotic effect in various fibrosis models (26, 27, 49). Recently we have demonstrated that HDAC6 is critically implicated in HG-PDF induced peritoneal fibrosis, and overexpressed in the peritoneum and dialysis effluent from PD patients (29). However, the precise mechanisms of HDAC6 in peritoneal fibrosis have not been elucidated. In this study, we further proved that HDAC6 could aggravate CG-induced peritoneal fibrosis via promoting macrophage polarization to the M2 phenotype. Moreover, our results revealed that blockade of HDAC6 inhibited alternatively M2 macrophages polarization by suppressing the activation of TGF-β/Smad3, PI3K/AKT, and STAT3, STAT6 pathways. Therefore, this study clarified the importance of HDAC6 in peritoneal fibrosis from a new mechanism point that HDAC6 contributed to M2 macrophage polarization.

To confirm the therapeutic effect of HDAC6 inhibition, we treated the CG-induced peritoneal fibrosis mouse model with TA and found a significant alleviation of fibrosis and reduced extracellular matrix protein deposition. These changes are symbols of remission of epithelial-mesenchymal transition, a key factor in fibrogenesis (50). So far, a great bulk of evidence has elucidated the role of macrophage polarization, especially M2 polarization, in the pathological progression of fibrosis (40, 51, 52). The triggered M2 macrophage polarization promotes EMT and metastasis in gastric cancer (53). Clinical data showed the infiltration of CD163 positive macrophages associated with EMT in colorectal cancer metastasis (54). The latest paper demonstrated that the M2c (a subtype of M2 macrophages) macrophage polarization could enhance the EMT of peritoneal mesothelial cells (55). It is consistent with our observation in the mouse model: the expression of Arginase-1 and CD163 elevated in the peritoneum tissues from the CG-injected group. We confirmed the increased infiltration of macrophages and enhanced M2 polarization in the peritoneal fibrosis. In addition, the staining colocalized HDAC6 and Arginase-1 in IL-4-stimulated Raw264.7 cells, which provided support that HDAC6 might promote peritoneal fibrosis via manipulating M2 polarization. These results pointed out that the therapeutic effect of peritoneal fibrosis by TA correlated with M2 polarization, and encouraged us to explore the further mechanisms.

It is well established that the TGF-β signaling could regulate macrophage behavior and polarize the macrophages towards a certain phenotype (56). TGF-β/Smad3 signaling was found to stimulate macrophages to synthesize pro-inflammatory cytokines. TGF-β could activate Smad3 in macrophages, and the TGF-β/Smad3 activation exerted protective effects by stimulating phagocytosis of macrophages in myocardial infarction (57). In research of chronic renal allograft rejection, the increased M2 macrophages and elevated nuclear-phosphorylated Smad3 contributed to the interstitial fibrosis, suggesting enhanced M2 polarization via a Smad3-dependent mechanism in the development of interstitial fibrosis (58). Considering the role of TGF-β/Smad3 signaling in macrophage polarization, we also detected the regulation of TA on TGF-β/Smad3 during peritoneal fibrosis in this study. The activation of TGF-β/Smad3 signaling was observed in peritoneum tissues from CG-injected mice and in two cell injured models, and this activation was considerably suppressed by TA administration. Besides, TA also blocked downstream signaling molecules of TGF-β/Smad3, including TAK1 and CTGF, and two related nuclear transcription factors. Our results support that the HDAC6 could enhance M2 polarization to promote peritoneal fibrosis via regulating the TGF-β/Smad3 signaling. However, the macrophage-specific Smad3 loss in the previous study could not affect the angiogenesis and fibrogenesis significantly (57), suggesting us other mechanisms might involve in the manipulation of M2 polarization.

Thus, we next demonstrated whether the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway participated in the regulation of macrophage polarization by HDAC6. Based on the previous literature, the PI3K/AKT pathway affected survival, migration, metabolic progress, and polarization in macrophages (20). The PI3K/AKT pathway was found to promote M2 polarization in neuroinflammation (59, 60). Cao et al. found that HDAC6 could control PI3K regulatory subunit 2 (PIK3R2) through miR-30d, thus activating PI3K/AKT/mTOR and ERK pathways (61). Another research showed that HDAC6 physically interacted with AKT and acetylated AKT at Lys163 and Lys377 located in the kinase domain. This research treated the deacetylase activity of HDAC6 as a novel regulator of AKT signaling (62). The above results suggest the involvement of HDAC6 activation in PI3K/AKT signaling pathway. In this study, we demonstrated that the activation of the PI3K/AKT pathway involved the effect of HDAC6 on M2 polarization. The inhibition of HDAC6 by TA effectively reduced the activation of the PI3K/AKT pathway in vivo and in Raw264.7 cells, indicating that HDAC6 regulated the PI3K/AKT pathway. Our findings were consistent with the previous study that activating the PI3K/AKT pathway promoted M2 polarization (63). In another word, the PI3K/AKT pathway mediated by HDAC6 was involved in the regulation of M2 polarization in peritoneal fibrosis.

The signal transducer and activator of transcription 3 also aroused our interest in exploring the mechanisms as the activity of HDAC1 and HDAC2 could negatively regulate STAT3 signaling (64). Furthermore, the activation of STAT3 was reported to induce macrophage differentiation toward the M2 phenotype (65, 66). The expression of p-STAT3 and p-STAT3/STAT3 levels in the peritoneum of our animal models and IL-4 or HG-PDF-treated macrophages were relatively higher. By contrast, the p-STAT3 and p-STAT3/STAT3 levels were reduced by TA administration. These data correspond to the findings by Yin, Z. et al.: the expression of STAT3 mRNA and protein was higher in IL-4-induced M2 macrophages (45). Our results originally implied the possible regulation of STAT3 by HDAC6. The underlying mechanism may be demonstrated by the suppression of IL-6/STAT3 signaling. Evidence has demonstrated that interfering with IL-6 trans-signaling could attenuate renal fibrosis via suppressing STAT3 activation while inhibiting the recruitment of macrophages (67). We previously observed elevation of IL-6 and macrophage infiltration in peritoneal fibrosis rats. Therefore, we conceived that there might be interactions between the inhibition of HDAC6 and the IL-6/STAT3 signaling, leading to a phenotypic switch in macrophages. However, the detailed relationship needs further elucidation.

In addition, we decided to determine the link between STAT6 and HDAC6 due to the interactions between HDACs and STAT transcription factors. In fact, a recent study demonstrated that IL-4-STAT6 signaling was HDAC3 dependent and repressed the LPS-induced inflammatory program of macrophages (68). STAT6 is the major factor during macrophage M2 polarization (69). The activation of STAT6 is known to drive M2 polarization (70). The acetylation of STAT6 would further inhibit M2 polarization by suppressing the transcriptional activity of STAT6 (69). Moreover, the IL-4/STAT6 activation could regulate liver fibrosis (17) and cardiac fibrosis progression (71) through targeting macrophages. Our study showed that TA suppressed the expression of STAT6 in CG-induced peritoneal fibrosis and injured Raw264.7 cells. Accordingly, the results suggested that the regulation of M2 polarization by HDAC6 might exert via the IL-4/STAT6 signaling.

According to reported literature, a handful of selected HDAC6 inhibitors have been undergoing clinical trials for tumors treatment. In the public database of clinical trials from U.S. National Library of Medicine, there are seven HDAC6-related clinical trials with three studies completed, including multiple HDAC6 inhibitors (ACY-241, KA2507, ACY-1215). Results from a phase Ib study showed the combination therapy of ACY-241 (Citarinostat) and Nivolumab in advanced non-small cell lung cancer, and suggested the combination might be feasible in these patients (72). In another multicentre phase 1b trial, ACY-1215 (Ricolinostat) enhanced efficacy of lenalidomide and dexamethasone in relapsed or refractory multiple myeloma. 21 (55% [95% CI 38-71]) of 38 patients presented an overall response in a preliminary assessment of antitumour activity after combined medication with ACY-1215 (73). Overall, several clinical trials have proved the effectiveness, security, applicability of selected HDAC6 inhibitors in clinical treatment, which provides opinions and possibilities of the application of HDAC6 inhibitors in peritoneal fibrosis associated with peritoneal dialysis in the future.

In summary, the present study revealed the fibrogenic role of HDAC6 in CG-induced peritoneal fibrosis, and the anti-fibrotic effect of TA mediated by suppressing macrophage M2 polarization. We innovatively demonstrated that the inhibition of HDAC6 by TA significantly suppressed M2 macrophage polarization by regulating the TGF-β/Smad, PI3K/AKT, STAT3 and STAT6 signaling pathways. These findings indicated that targeting HDAC6 might be a novel therapeutic strategy for peritoneal fibrosis.
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Chronic inflammation contributes to maladaptive kidney repair, but its regulation is unclear. Here, we report that sirtuin 1 (SIRT1) is downregulated after repeated low-dose cisplatin (RLDC) injury, and this downregulation leads to p65 acetylation and consequent NF-κB activation resulting in a persistent inflammatory response. RLDC induced the down-regulation of SIRT1 and activation of NF-κB, which were accompanied by chronic tubular damage, tubulointerstitial inflammation, and fibrosis in mice. Inhibition of NF-κB suppressed the production of pro-inflammatory cytokines and fibrotic phenotypes in RLDC-treated renal tubular cells. SIRT1 activation by its agonists markedly reduced the acetylation of p65 (a key component of NF-κB), resulting in the attenuation of the inflammatory and fibrotic responses. Conversely, knockdown of SIRT1 exacerbated these cellular changes. At the upstream, p53 was activated after RLDC treatment to repress SIRT1, resulting in p65 acetylation, NF-κB activation and transcription of inflammatory cytokines. In mice, SIRT1 agonists attenuated RLDC-induced chronic inflammation, tissue damage, and renal fibrosis. Together, these results unveil the p53/SIRT1/NF-κB signaling axis in maladaptive kidney repair following RLDC treatment, where p53 represses SIRT1 to increase p65 acetylation for NF-κB activation, leading to chronic renal inflammation.
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Introduction

Nephrotoxicity is the major limiting factor for the clinical use and efficacy of cisplatin, a widely used chemotherapy drug for cancer patients (1–4). A single high dose of cisplatin induces acute kidney injury (AKI), which involves renal tubular cell injury and death (5–7). In addition, it induces a robust inflammatory response in kidneys, including the infiltration of immune cells and the production of various pro-inflammatory cytokines (5, 8, 9). In current clinical settings, cisplatin is often administered in multiple cycles at low doses (10), which lead to chronic kidney problems in a significant portion of cancer patients (11). In animals, repeated low dose cisplatin (RLDC) treatment leads to chronic renal pathologies characterized by tubular degeneration, renal inflammation, and interstitial fibrosis, which are associated with a progressive decline of renal function (12–17). However, the mechanism of RLDC-induced chronic renal pathologies remains unclear.

Following AKI, some tubular cells are injured and die, but the surviving cells have the capacity to regenerate and repair the damaged renal tubules. Complete repair can restore the integrity and function of renal tubules for a full recovery. However, after severe AKI or repeated episodes of injury, kidney repair is often incomplete or maladaptive, resulting in atrophic tubules that produce various factors to stimulate inflammation, vascular dropout, myofibroblast expansion and matrix deposition for renal fibrosis (18–21). RLDC is expected to induce maladaptive kidney repair for its repeated toxicity to renal tubular cells. Indeed, following RLDC treatment, mice showed tubular degeneration, chronic inflammation, and varied degrees of interstitial fibrosis depending on the models (12–16). Remarkably, the pathological changes were associated with a progressive decline of renal function (15, 16).

It is generally understood that renal inflammation persists in, and contributes to, maladaptive kidney repair; but the mechanism of chronic renal inflammation during maladaptive kidney repair remains elusive (18–22). Nuclear factor-κB (NF-κB) is a family of “master” transcription factors that are responsible for immune and inflammatory gene expression (23). This family consists of five structurally related members, including NF-κB1 (also called p50), NF-κB2 (also called p52), RelA (also called p65), RelB, and c-Rel, which form hetero- or homo-dimers, i.e. NF-κB. In unstimulated cells, NF-κB is sequestered in the cytoplasm by its inhibitory proteins IκBs (24). Upon stimulation, IκBs is phosphorylated by the IκB kinase (IKK) with consequent ubiquitination and proteasomal degradation (23). Following IκB degradation, NF-κB is released and translocated to the nucleus to induce target gene transcription (25). In the nucleus, p65 (a critical component of the NF-κB complex) is acetylated and the acetylation status of specific lysine residues in p65 affects both the DNA-binding ability and transcriptional activity of NF-κB for various pro-inflammatory cytokines, such as Tnf-α, Il-8, Il-6, and Il-1β (24, 26). NF-κB plays a critical role in renal inflammation in kidney diseases (27). However, the role and regulation of NF-κB in maladaptive kidney repair remains largely unclear.

Mammalian sirtuin 1 (SIRT1) is a protein deacetylase of the highly conserved nicotinamide adenine dinucleotide (NAD+) - dependent sirtuin family that is ubiquitously expressed in mammalian cells (28). In addition to its bona fide function of histone deacetylation, SIRT1 also deacetylates lysine residues of various proteins to participate in the aging process (29), inflammation (30), cancer (31), metabolic (32) and neurodegenerative diseases (33). In the kidney, SIRT1 and other sirtuins play important roles in renal function and physiology, and their dysregulation contribute to the pathogenesis of kidney diseases (34). For example, activation of SIRT1 reduced the acetylation of Smad3 and ameliorated fibrosis in 5/6 nephrectomy rats probably by suppressing TGF-β/Smad3 signaling (35). In unilateral ureteral obstruction (UUO), SIRT1 was shown to be an important protective factor for renal medullary interstitial cells against oxidative stress partly by regulating of COX2 (36). In diabetic models, SIRT1 prevent renal fibrosis by suppressing HIF1α, GLUT1, and SNAIL (37). However, the role and regulation of SIRT1 in maladaptive kidney repair remain unclear.

In the present study, we demonstrate that SIRT1 is repressed by p53 during maladaptive kidney repair following cisplatin nephrotoxicity, and the down-regulation of SIRT1 contributes to p65 acetylation and consequent NF-κB activation, resulting in renal inflammation and fibrosis. Therapeutically, targeting the p53/SIRT1/NF-κB signaling axis may improve kidney repair and recovery.



Methods


Animal Models

Male C57BL/6 mice (8 weeks) were purchased from SJA Laboratory Animal Corporation (Hunan, China) and maintained in the animal facility of the Second Xiangya Hospital. Mice received saline vehicle or 8 mg/kg cisplatin (Hansoh Pharma, Jiangsu, China) intraperitoneally once a week for 4 weeks (15). For intervention, SRT1720 (a small molecule activator of SIRT1 purchased from APExBIO, Houston, USA) was administered to mice at 100 mg/kg/day (38) by intraperitoneal injection for 7 days after the last cisplatin dose. To inhibit p53, pifithrin-α (APExBIO, Houston, USA) was administered to mice at 2.2 mg/kg/day by intraperitoneal injection for 7 days after the last cisplatin dose. Animals were sacrificed at 4 and 8 weeks after the last cisplatin dose. All animal experiments were performed according to a protocol approved by the Institutional Committee for the Care and Use of Laboratory Animals of the Second Xiangya Hospital at Central South University.



Cell Culture and Treatments

The Boston University mouse proximal tubular cell line (BUMPT) was originally obtained from Dr. Lieberthal (Boston University) and cultured as previously (15). The cells were subjected to four cycles of treatment with 0, 0.5, 1, or 2 μM cisplatin (15). Each cycle consisted of 7 h of cisplatin incubation and 17 h of recovery in cisplatin-free medium. For intervention, BUMPT cells were initially subjected to 4 cycles of cisplatin treatment. After the final dose, cells were incubated with 100μM TPCA1, 20μM RSV, 2.5μM SRT1720, or 25μM pifithrin-α (all purchased from APExBIO, Houston, USA) for 17h in cisplatin-free medium. Small interference RNA (siRNA) specific against the mouse SIRT1 gene, p53 gene and scrambled control siRNA were synthesized by RiboBio (Guangzhou, China). Cells were transfected with 50 nM Sirt1 siRNA, Trp53 siRNA or control siRNA for 24h using riboFECTTM CP Transfection Kit (RiboBio, Guangzhou, China).



Transcutaneous Measurement of Glomerular Filtration Rate (GFR)

GFR was measured in mice by transcutaneously monitoring the clearance of FITC-labeled sinistrin as previously (15). Briefly, mice were anesthetized with isoflurane using an anesthesia machine, which contains the breathing circuit, air intake pump, recovery device and induction box. Then, a transdermal GFR monitor (MediBeacon, Mannheim, Germany) was attached to hair-shaved skin of anesthetized mice. FITC-sinistrin (7mg/100g b.w.) was injected through the tail vein. Data analysis is based on the elimination kinetic curve of FITC-sinistrin.



Histological Analysis


Hematoxylin and Eosin Staining

Kidney tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned at 4 μm for H&E staining. The morphological changes were determined blindly. Kidney cortex and outer medulla were examined to grade tubular damage: absent (0), mild (1), moderate (2), severe (3), and very severe injury (4).



Masson Trichrome Staining

Kidney sections were stained using the kit from Servicebio (Wuhan, China). For quantification, 10 positive collagen-stained fields (100 magnification) were randomly selected from each section and analyzed by Image-Pro Plus 6.0 to assess the percentage of fibrotic area.



Immunohistochemical Staining

Immunohistochemical staining was performed as previously (15). Primary antibodies tested included those for SIRT1 (8469; Cell Signaling Technology), p65 (8242; Cell Signaling Technology), F4/80 (GB11027, Servicebio, Wuhan, China), and Ki67 (GB111141, Servicebio, Wuhan, China). For quantification, randomly selected 10 fields from each tissue section were evaluated to determine the percentage of positive staining cells per square millimeter.



Immunofluorescence

Immunofluorescence staining was conducted as previously (39). After fixation with cold methanol: acetone (1:1), the cells were incubated with a blocking solution containing 10% goat serum, followed by overnight incubation with primary antibodies, and finally with secondary antibodies at 37°C for 1 hour. Primary antibodies for immunofluorescence included those for p65 (8242, Cell Signaling Technology), Collagen I (AF7001, Affinity), p-p65 (3033, Cell Signaling Technology), SIRT1 (8469, Cell Signaling Technology). Cy3-labeled goat anti-rabbit IgG and FITC-labeled goat anti-rabbit IgG were used as secondary antibodies. The cells were counter-stained with Hoechst to show the nucleus and examined on a Zeiss LSM780 confocal microscope (Oberkochen, Germany).




Extraction of Nuclear and Cytoplasmic Proteins

The extraction was done with a kit was purchased from Beyotime (Shanghai, China). Briefly, cells were centrifuged to collect the cell pellet, which was mixed with PMSF-containing cytoplasmic protein extraction reagent A, vortexed vigorously and then incubated in ice bath. Cytoplasmic protein extraction reagent B was then added. After vortexing, the mixture was centrifuged at 12000g for 5 minutes at 4°C to collect the supernatant as the cytoplasmic fraction. Then, the pellet was re-suspended in the nucleoprotein extraction reagent by vigorous vortexing (15-30s every 1-2 minutes for a total of 30 minutes), and then centrifuged at 12000g for 10 minutes at 4°C to collect the supernatant as the nuclear proteins.



Immunoblot Analysis

Kidney cortex and outer medullary tissue was lysed in 2% SDS buffer with 1% protease inhibitor cocktail (P8340, Sigma-Aldrich). The samples were resolved on SDS-polyacrylamide gel, and then transferred for immunoblotting using a standard protocol as previously described (40). For densitometry, the protein bands were analyzed with the NIH ImageJ software. The primary antibodies used for immunoblotting included: anti-Fibronectin (ab2413), anti-IL-6 (ab229381) and anti-Tnf-α (ab183218) from Abcam; anti-SIRT1 (8469), anti-NF-κB p65 (8242), anti-phospho-NF-κB p65 (3033), anti-acetyl-NF-κB p65 (Lys310) (3045), anti-GAPDH (5174), anti-Vimentin (5741), anti-phospho-p53 (Ser15) (9284), anti-p53 (2524), anti-Il-1β (12242) and anti-phospho-Histone H2AX (80312) from Cell Signalling Technology; anti-Collagen type I (AF7001) from Affinity. All secondary antibodies for immunoblot analysis were from Thermo Fisher Scientific.



Quantitative Real-Time PCR

Total RNA was extracted with TRIzol reagents (CWBIO, Jiangsu, China) according to the manufacturer’s protocol. cDNA was synthesized using the PrimeScript RT reagent Kit (TaKaRa, Japan). Quantitative real-time PCR was performed using the TB Green Premix Ex Taq II reagent (TaKaRa, Japan) on a LightCycler96 Real-Time PCR System. Relative expression was normalized to the expression levels of GAPDH. The primer sequences for PCR are listed in Table 1.


Table 1 | Primer sequences used for quantitative RT-PCR.





ChIP Assay

ChIP assay was performed with the ChIP-IT® High Sensitivity kit (Active Motif, USA) according to the manufacturer’s instruction. Briefly, cells were cross-linked with 1% formaldehyde followed by incubation in glycine stop-fix solution. Then, the cells were lysed with the lysis buffer containing protease inhibitor cocktail and deacetylase inhibitors. Purified chromatin was sonicated and incubated with an indicated immunoprecipitation antibody anti-p53 antibody (Cell Signalling Technology, 2524). The resultant immunoprecipitate was subjected to qPCR amplification of putative p53 binding sequences using specifically designed primers. The value of qPCR was normalized with input DNA for comparison. The following primers were used for p53 binding site detection: forward GCGCCAGAGGCCGCTGA and reverse CGGCTGCGGGAGATTTAAACC.



Statistics

Statistical analysis was performed using the GraphPad Prism software. Multiple group comparison was analyzed with ANOVA followed by Tukey’s posttests. Statistical differences between two groups were determined by two-tailed unpaired or paired Student’s t-test. The value of P < 0.05 was considered significantly different.




Results


RLDC Treatment Induces Chronic Kidney Injury and Activates NF-κB During Maladaptive Kidney Repair

One month after RLDC treatment, mice had a significant decline of renal function as measured by the clearance rate of FITC-labeled sinistrin and the calculated GFR (Figures 1A, B). These mice showed clear signs of renal tubular damage, including renal tubule expansion, slight loss of brush border, cast formation and increased inflammatory cell infiltration (Figure 1C). Tubular damage was further semi-quantified in cortex and outer medulla (Figure 1D). Along with tubular injury was a chronic inflammatory response. The expression of multiple pro-inflammatory cytokines, including interleukins (Il-1β, -6, -8) and tumor necrosis factor (TNF)-α, was markedly increased in post-RLDC kidney tissues (Supplemental Figure 1A). Moreover, there was a dramatic increase of macrophages shown by F4/80 staining (Supplemental Figures 1B, C). These results indicate that the inflammatory response in injured tubule cells may contribute to chronic renal inflammation and maladaptive repair following RLDC treatment.




Figure 1 | RLDC treatment induces chronic kidney injury and activates NF-κB during maladaptive kidney repair. (A–G) Male C57BL/6 mice were injected weekly with 8 mg/kg cisplatin for 4 weeks to collect samples 1 month later. (A) The elimination profile of transdermal FITC-sinistrin was monitored. (B) GFR measurement by monitoring transcutaneous FITC-sinistrin clearance (n=8). (C) Representative histology images of hematoxylin-eosin staining of kidney tissues (n=6). (D) Pathological score of tubular damage. (E) Representative immunoblots of p-p65, p65, FN, and GAPDH (loading control) in kidney tissues (n=5). (F) Densitometry of p-p65, p65 and FN. (G) Immunofluorescence analysis of p65 (n=5). Right two images were magnified from the boxed areas. (H–K) BUMPT cells were incubated with indicated concentrations of cisplatin for 7h each day for 4 days, and collected at day 5. (H) Representative immunoblots of p-p65, p65, FN, COL-1 and GAPDH (loading control) in BUMPT cells (n=5). (I) Immunofluorescence analysis of nuclear translocation of NF-κB. Images were collected by laser-scanned confocal microscopy (n=5). Right two images were magnified from the boxed areas. (J) Immunoblot of nuclear and cytosolic p65 in RLDC-treated cells (n=5). H3 and GAPDH were used as internal controls for nuclear fractions and whole cell lysate, respectively. (K) BUMPT cells were incubated with 2μM cisplatin for 7h each day for 4 days, and collected at day 5. mRNA levels of Il-1β, Il-6, Il-8, Tnf-α in cells after RLDC treatment (n=5). Data are normalized to GAPDH and expressed as fold change compared to controls. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con).



NF-κB is a classical transcription factor for the expression of inflammatory cytokines. Upon activation, p65, a key component of NF-κB, is phosphorylated and translocated into the nucleus for downstream gene expression. We detected p65 phosphorylation in post-RLDC kidneys, which was accompanied by increases of fibrosis markers like fibronectin (FN) (Figures 1E, F). In immunofluorescence, a considerable portion of p65 moved to the nucleus in renal tubule cells after RLDC treatment (Figure 1G). For in vitro experiments, we recently established a cell model of RLDC treatment in BUMPT cells (15). Consistently, RLDC induced p65 phosphorylation as well as FN and COL-1 in BUMPT cells in a dose-dependent manner (Figure 1H). Moreover, immunofluorescence detected nuclear accumulation of p65 in post-RLDC cells (Figure 1I). Immunoblot analysis of nuclear and cytosolic fractions demonstrated a notable increase of p65 in cell nucleus, which was accompanied by a slight increase of p65 in the cytosol (Figure 1J). Also in this cell model, RLDC also induced the expression of Il-1β, Il-6, Il-8, and Tnf-α (Figure 1K), suggesting that injured tubule cells might be a major resource of pro-inflammatory cytokines after RLDC treatment. These results indicate that RLDC promotes p65 expression and nuclear accumulation for NF-κB activation, accompanied by the induction of a pro-fibrotic phenotype in renal tubular cells.



TPCA-1 Reduces the Expression of Pro-Inflammatory Cytokines and Fibrotic Phenotypes in RLDC-Treated Renal Tubular Cells

To determine the role of NF-κB, we evaluated the effect of TPCA-1, which suppresses NF-κB by selectively inhibiting IKK-2 (41, 42). As shown in Figures 2A, B, TPCA-1 markedly ameliorated the fibrotic changes in RLDC-treated tubular cells, as indicated by reduced expressions of FN and VIM. Immunofluorescence further verified the inhibitory effect of TPCA-1 on COL-1 expression (Figures 2C, D). In addition, TPCA1 attenuated the expression of multiple pro-inflammatory cytokines, including Il-1β, Il-6, Il-8, and Tnf-α (Figure 2E). These data suggest that RLDC triggers aberrant activation of NF-κB in renal tubular cells to stimulate a robust inflammatory response and pro-fibrotic changes.




Figure 2 | TPCA-1 reduces the expression of pro-inflammatory cytokines and fibrotic phenotypes in RLDC-treated renal tubular cells. BUMPT cells were incubated with 2μM cisplatin for 7h each day for 4 days. After the final dose, RLDC cells were treated with 100μM TPCA1 or saline for 17h to collect samples. (A) Representative immunoblots of FN, VIM, p-p65, p65 and GAPDH (loading control) of total cellular proteins after RLDC and TPCA1 treatment (n=5). (B) Densitometry of FN, VIM, p-p65, p65. The protein level of control group (TPCA1- RLDC-) was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (C) Immunofluorescence analysis of COL-1. (n=5). The images at the bottom are magnified from the boxed area. (D) The quantification of COL1-1 intensity. (E) mRNA expression of Il-1β, Il-6, Il-8, Tnf-α (n=5). Data are normalized to GAPDH and expressed as fold change compared to controls. Data are expressed as mean ± SEM. *P<0.05 vs. the control (TPCA1- RLDC-) group, #P < 0.05 vs. (TPCA1- RLDC+) group.





RLDC Induces Down-Regulation of SIRT1 and Consequent Acetylation of p65

We then investigated the mechanism of NF-κB activation induced by RLDC. SIRT1 is a powerful deacetylase that has been reported to deacetylate p65 on lysine-310 to inhibit NF-κB (43). Recent work has implicated SIRT1 as a protective factor in cisplatin-induced acute kidney injury (44). We therefore hypothesized that SIRT1 may regulate NF-κB by deacetylating p65 during the development of chronic kidney problems after RLDC treatment. In immunohistochemical staining, SIRT1 was mainly present in the nucleus of tubular cells (Figure 3A) and, after RLDC treatment, the SIRT1 signal was decreased to half of control (Figure 3B). Importantly, decreased expression of SIRT1 was accompanied by increased Ac-p65 level (Figures 3C, D). This expression pattern was further confirmed in BUMPT cells where RLDC markedly decreased SIRT1 expression in a cisplatin dose-dependent manner, while increasing Ac-p65 (Figures 3E, F). These results suggest that RLDC may decrease SIRT1 to promote p65 acetylation, contributing to NF-κB activation in post-RLDC kidneys and renal tubular cells.




Figure 3 | RLDC induces down-regulation of SIRT1 and consequent acetylation of p65. (A–D) Male C57BL/6 mice were injected weekly with 8 mg/kg cisplatin for 4 weeks to collect samples 1 month later. (A) Representative images of immunohistochemical staining of SIRT1 in mouse kidneys. (n=5). The arrows in the magnified images indicate positive staining. (B) Percentage of SIRT1 positive nuclei. (C) Representative immunoblots of SIRT1, Ac-p65, p65, COL-1 and GAPDH of total protein extracted from mouse kidney (n=5). GAPDH was used as a loading control. (D) Densitometry of SIRT1, Ac-p65, p65. (E, F) BUMPT cells were incubated with 2μM cisplatin for 7h each day for 4 days, and collected at day 5. (E) Representative immunoblots of SIRT1, Ac-p65, p65, FN, VIM and GAPDH of total protein extracted from BUMPT cells (n=5). GAPDH was used as a loading control. (F) Densitometry of SIRT1 and Ac-p65. The protein level of control group was arbitrarily set as 1, and signals of other conditions were normalized with the control group to indicate their protein fold changes. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con or 0μM).





SIRT1 Activator Reduces p65/NF-κB Activation and Ameliorates Kidney Inflammation and Fibrosis After Post-RLDC Treatment

Next, we evaluated the therapeutic potentials of SIRT1 agonists in RLDC-treated mice. To this end, after RLDC treatment, the SIRT1 agonist SRT1720 (S) was injected daily into the mice for one week. One group of animals were sacrificed immediately after S treatment to examine its effects on kidney injury, SIRT1 and p65 acetylation, while another group of animals were terminated 3 weeks later to examine the long-term effect of SRT1720 on chronic renal inflammation and interstitial fibrosis (Supplemental Figure 2A).

In both immunoblot and immunostaining analyses, RLDC induced a marked down-regulation of SIRT1 in kidneys, which was partially but significant prevented by SRT1720. Notably, SRT1720 inhibited p65 activation, manifested by the decrease of Ac-p65 and nuclear p65 (Figures 4A–D). Three weeks later, the mice injected with SRT1720 showed reduced inflammatory cytokine production (Figure 4E and Supplemental Figure 3), and ameliorated renal interstitial fibrosis (Figures 4F–I). In addition, SRT1720 reduced kidney atrophy, tubular damage, and renal function decline in post-RLDC kidneys (Supplemental Figures 2B–F). Collectively, these findings suggest that activation of SIRT1 may suppress the pro-inflammatory and pro-fibrotic changes in post-RLDC kidneys to improve kidney repair.




Figure 4 | SIRT1 activator reduces p65/NF-κB activation and ameliorates kidney inflammation and fibrosis after post-RLDC treatment. Male C57BL/6 mice were given 4 weekly injections of 8 mg/kg cisplatin. After the last cisplatin injection, SRT1720 (S) or vehicle solution (ve) was injected daily for 1 week or 1 month to collect samples for analysis. (A) Representative immunoblots of SIRT1, Ac-p65, p65 and GAPDH (loading control) of total protein extracted from mouse kidney (n=5). (B) Densitometry of SIRT1, Ac-p65, p65. The protein level of control group was arbitrarily set as 1. SRT1720 prevented SIRT1 decrease in post-RLDC mice and reduced p65 acetylation. (C) Representative images of immunohistochemical staining of p65 in post-RLDC mice. (n=5). (D) Percentage of p65 positive nuclei. (E) mRNA levels of Il-1β, Il-6, Il-8, Tnf-α in mice quantified by qRT-PCR showing the inhibitory effect of SRT1720 (n=5). Data are normalized to Gapdh and expressed as fold change compared to controls. (F) Representative immunoblots of FN, VIM and GAPDH showing the inhibitory effect of SRT1720 on fibrotic protein expression (n=5). (G) Densitometry of FN and VIM. The protein level of control group was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (H) Representative images of Masson trichrome staining showing the inhibitory effect of SRT1720. (n=5). (I) Quantitative analysis of Masson trichrome staining. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con + ve), #P < 0.05 vs. vehicle solution plus RLDC group (RLDC + ve).



To determine how the SIRT1/NF-κB signaling axis affects tubular repair in post-RLDC kidneys, we examined tubular cell proliferation and senescence. We first examined the expression of Ki67, a marker of cell proliferation in renal tubules. A representative image of Ki67 staining and the quantification are shown in Supplementary Figures 4A, B. As expected, the control kidney had very few Ki67 positive cells. After RLDC, there was a 2-fold increase in renal tubular Ki67 staining, indicating renal tubular cell proliferation for kidney repair. It is worth noting that SRT1720 (SIRT1 agonist) increased Ki67 staining in renal tubules, indicating that renal repair was enhanced. Premature senescence plays an important role in maladaptive kidney repair including renal fibrosis. In order to explore the influence of SIRT1 activation on premature senescence, we performed SA-β-Gal staining, which is a standard marker of senescence. As shown in Supplementary Figures 4C, D, the renal tubules after RLDC treatment showed a significant increase of SA-β-Gal staining, mainly in the renal cortex, which was markedly reduced by SRT1720, suggesting the anti-senescence function of SIRT1 in this model. Furthermore, Ki67- cells with high γ-H2AX lesion density (four or more lesions per nucleus) indicate renal tubular senescence (45). SRT1720 reduced γ-H2AX+/Ki67- cells in the kidney (Supplementary Figures 4E, F), and reduced the expression of γ-H2AX in immunoblot analysis (Supplementary Figures 4G, H). Together, these new results indicate that SIRT1 activation by SRT1720 enhances renal tubular proliferation and ameliorates renal senescence after RLDC, providing further mechanistic insights into the regulation of maladaptive kidney repair by the SIRT1/NF-κB axis.



SIRT1 Ameliorates Fibrotic and Inflammatory Phenotypes in RLDC-Treated Cells

In vitro, resveratrol (R) and SRT1720 (S) could significantly increase SIRT1 expression in both RLDC-treated and control BUMPT cells (Figure 5A). Importantly, these SIRT1 activators reduced the expression of Ac-p65 and p-p65 during RLDC treatment, and reduced nuclear accumulation of p65 as shown by immunofluorescence staining (Figures 5A–C). Consistently, immunoblot analysis of cellular fractionations showed that SIRT1 activators decreased nuclear p65 whereas increased cytosolic p65 in RLDC-treated cells (Figures 5D, E), which indicates that activation of SIRT1 leads to p65 deacetylation resulting in the prevention of p65/NF-κB activation during RLDC treatment. To examine the effects of SIRT1 activators on RLDC-induced maladaptive repair responses, persistent fibrotic changes were induced in BUMPT cells, featured by increased FN and VIM expression. These fibrotic changes were markedly attenuated by SIRT1 activators (Figures 5F, G). Moreover, SIRT1 activators reduced the expressions of pro-inflammatory cytokines in RLDC-treated cells, especially Il-8 and Tnf-α (Figure 5H). Thus, these findings support that activation of SIRT1 ameliorates the pro-inflammatory and pro-fibrotic changes in RLDC-treated cells.




Figure 5 | SIRT1 ameliorates fibrotic and inflammatory phenotypes in RLDC-treated cells. BUMPT cells were incubated with 2μM cisplatin for 7h each day for 4 days, and then treated with 20μM resveratrol (R), 2.5μM SRT1720 (S), or vehicle solution (ve) for 17h in cisplatin-free medium to collect samples for analysis. (A) Immunoblot of SIRT1, p-p65, Ac-p65 and p65 of total protein extracted from cells (n=5). (B) Semi-quantitative analysis of immunoblot of SIRT1, p-p65, and Ac-p65. (C) Immunofluorescence analysis of nuclear translocation of p65. Images were collected by laser-scanned confocal microscopy. (n=5). (D) Immunoblot analysis of nuclear and cytosolic p65 (n=5). The cells were fractionated into nuclear and cytosolic fractions for immunoblot analysis of p65. H3 and GAPDH were used as internal controls for nuclear and cytosolic fractions, respectively. (E) Densitometry of nuclear p65. The protein level of control group was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (F) Representative immunoblots of SIRT1, FN, VIM and GAPDH (loading control) of total protein extracted from cells (n=5). (G) Densitometry of FN, VIM. The protein level of control group was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (H) mRNA levels of Il-1β, Il-6, Il-8, Tnf-α were quantified by qRT-PCR (n=5). Data are normalized to Gapdh and expressed as fold change compared to controls. *P<0.05 vs. the control group (Con + ve), #P < 0.05 vs. RLDC with vehicle solution group (RLDC + ve).



We further examined the effects of SIRT1 knockdown. Transfection of SIRT1 siRNAs (si1 and si2) attenuated SIRT1 expression in BUMPT cells. Notably, these cells had 3-4 fold higher expression of Ac-p65 (Figures 6A, B), and showed more nuclear accumulation of p65 (Figure 6C). Knockdown of SIRT1 aggravated the expression of fibrotic markers (eg. FN and VIM) (Figures 6D, E) and pro-inflammatory cytokines (eg. Il-1β, Il-6, Il-8, Tnf-α) (Figure 6F) in RLDC-treated cells. These results further support the conclusion that down-regulation of SIRT1 during maladaptive kidney repair contributes to NF-κB activation, renal inflammation, and fibrosis.




Figure 6 | Knockdown of SIRT1 increases p65 acetylation and the fibrotic phenotype of RLDC-treated renal tubular cells. BUMPT cells were transfected with 50nM SIRT1 siRNA1 (si1), siRNA2 (si2), or control siRNA (VC), and then incubated with 2μM cisplatin for 7h each day for 4 days. (A) Representative immunoblots of SIRT1, Ac-p65, p65 and GAPDH (loading control) of total protein extracted from cells (n=5). (B) Densitometry of SIRT1 and Ac-p65. (C) Immunofluorescence analysis of nuclear translocation of p65. (n=5). (D) Representative immunoblots of SIRT1, FN, VIM and GAPDH (n=5). (E) Densitometry of FN and VIM. The protein level of control group was arbitrarily set as 1, and the signals of other conditions were normalized with it to indicate their protein fold changes. (F) mRNA levels of Il-1β, Il-6, Il-8, Tnf-α quantified by qRT-PCR (n=5). Data were normalized to Gapdh and expressed as fold change over controls. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con), #P < 0.05 vs. RLDC with VC group.





p53 Mediates the Down-Regulation of SIRT1 After RLDC Treatment

We focused on p53 to understand the mechanism of SIRT1 down-regulation in post-RLDC kidneys mainly based on two facts: 1) RLDC induced a significant decrease in SIRT1 mRNA in BUMPT cells indicating SIRT1 down-regulation at the transcription level (Figure 7E), and p53 has been reported to regulate SIRT1 transcription (46); and 2) p53 is known to mediate cisplatin-induced AKI (47, 48), and we detected p53 activation in post-RLDC mouse kidneys (Figure 8E). We examined the effect of pifithrin-α (PF), a commonly used pharmacologic inhibitor of p53. As shown in Figures 7A, B, PF reduced the increase of p53 and p-p53 in RLDC-treated cells. Importantly, PF restored SIRT1 expression in these cells at both protein (Figures 7C, D) and mRNA (Figure 7E) levels. Bioinformatics analysis using JASPAR database (http://jaspar.genereg.net/) identified a potential p53 binding site (Figure 7F) on ​​the promoter of Sirt1 gene. ChIP analysis showed that RLDC specifically increased the binding of p53 to the Sirtl gene promoter at this site (Figure 7G). As for the SIRT1/NF-κB pathway, inhibition of p53 with PF also reduced p65 phosphorylation and acetylation (Figures 7H, I). For further validation, we also knocked down p53 in mouse renal tubular cells (Supplementary Figure 5A) and found that the results were consistent with pharmacological inhibitors, i.e., p53 knockdown alleviated RLDC-induced SIRT1 reduction and p65 activation (Supplementary Figures 5B–E).




Figure 7 | p53 mediates the downregulation of SIRT1 in RLDC-treated renal tubular cells. BUMPT cells were incubated with 2μM cisplatin for 7h each day for 4 days, and then treated with 25μM pifithrin-α (PF) or vehicle solution (ve) for 17h in cisplatin-free medium. (A) Representative immunoblots of p-p53, p53 and GAPDH of cell total protein (n=5). (B) Densitometry of p-p53 and p53. The protein level of the control group was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (C) Representative immunoblots of SIRT1 and GAPDH from total protein (n=5). (D) Densitometry of SIRT1. (E) Effect of PF on Sirt1 mRNA expression (n=5). (F) p53 binding site on Sirt1 gene promoter predicted by JASPAR database. (G) ChIP assay of p53 binding to SIRT1 promoter sequence after RLDC treatment (n=5). (H) Representative immunoblots of p-p65, Ac-p65, p65 and GAPDH from total protein (n=5). (I) Densitometry of p-p65 and Ac-p65. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con), #P < 0.05 vs. RLDC with vehicle solution group (RLDC + ve).






Figure 8 | pifithrin-α prevents SIRT1 down-regulation and p65/NF-κB activation in post-RLDC mouse kidneys. Male C57BL/6 mice were given 4 weekly injections of 8 mg/kg cisplatin. After the last cisplatin injection, 2.2mg/kg pifithrin-α (PF) or vehicle solution (ve) was injected daily for 1 week to collect samples for analysis. (A) Representative immunoblots of p-p53, p53 and GAPDH of total protein extracted from mouse kidney (n=5). (B) Densitometry of p-p53 and total p53 (n=6). For densitometry, the protein level of control group was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (C) Representative immunoblots of SIRT1 and GAPDH of total protein extracted from mouse kidney (n=5). (D) Densitometry of SIRT1 (n=6). (E) Effect of PF on mRNA levels of Sirt1. Data were normalized to GAPDH and expressed as fold change compared to controls (n=5). (F) Representative images of immunohistochemical staining of p65. (G) Statistical analysis of the percentage of p65 nuclear entry area to the total area (n=4). (H) Representative immunoblots of Ac-p65, p-p65, p65 and GAPDH of total protein extracted from mouse kidney (n=5). (I) Statistical analysis of Ac-p65/p65 and p-p65/p65 (n=4). (J) Schematic diagram: p53/SIRT1/NF-κB signaling axis in renal inflammation and fibrosis during post-RLDC kidney repair. Under normal physiological conditions, SIRT1 represses NF-κB signaling by deacetylating its key component p65. Following RLDC treatment, p53 is activated to repress SIRT1, leading to p65/NF-κB acetylation and activation inducing the transcription of various pro-inflammatory cytokines for renal inflammation and fibrosis. By inhibiting p53, pifithrin-α may prevent SIRT1 down-regulation and NF-κB activation. As SIRT1 agonists, SRT1720 and resveratrol activate SIRT1, resulting in p65 deacetylation to suppress NF-κB and renal inflammation and fibrosis. Data are expressed as mean ± SEM. *P<0.05 vs. the control group (Con), #P < 0.05 vs. RLDC with vehicle solution group (RLDC + ve).



In mice, PF also inhibited p53 in post-RLDC kidneys and reduced SIRT1 down-regulation and p65/NF-κB activation including phosphorylation and acetylation (Figure 8). Collectively, these results indicate that p53 mediates SIRT1 down-regulation during post-RLDC kidney repair by directly repressing Sirt1 gene transcription.




Discussion

RLDC regimen is a common way to reduce the risk of nephrotoxicity in cisplatin chemotherapy, but, even with extreme clinical cautions, the incidence of acute and chronic kidney problems remains significant. Recent studies have verified the chronic effects of RLDC on kidneys in animal models; however, the underlying mechanism is largely unclear. There are three major findings in our current study as we have shown in Figure 8J: 1. RLDC induces aberrant NF-κB activation in renal tubular cells that contributes to chronic kidney injury by triggering the production of pro-inflammatory cytokines for a persistent inflammatory response; 2. SIRT1 is down-regulated in post-RLDC kidneys and this down-regulation contributes to NF-κB activation and associated chronic inflammation and kidney injury; 3. p53 mediates the down-regulation of SIRT1 by repressing its gene transcription in post-RLDC kidneys. Together, these results unveil the p53/SIRT1/NF-κB signaling axis in chronic renal inflammation and pathology during maladaptive kidney repair, highlighting potential therapeutic targets.

NF-κB is a transcription factor that plays important roles in the regulation of inflammation, cell death, survival, proliferation and differentiation (49, 50). In kidneys, NF-κB promotes inflammation by inducing the expression of pro-inflammatory cytokines in multiple renal disease settings (27). Inhibition of NF-κB in acute nephrotoxicity ameliorates kidney injury and tubular necrosis by attenuating inflammation (51), but the role of NF-κB in maladaptive kidney repair after AKI is less unclear. In this study, we demonstrate for the first time the continuous activation of NF-κB after RLDC treatment, accompanied by chronic inflammation, renal tubular damage and atrophy, and interstitial fibrosis. Inhibition of NF-κB resulted in a decrease in the expression of pro-inflammatory factors in tubule cells, less tubular damage and less fibrosis, supporting a pivotal role of NF-κB in maladaptive kidney repair following RLDC treatment.

Emerging studies have suggested a protective role of SIRT1 in the pathogenesis of renal fibrosis. In UUO, SIRT1 expression or activation in renal medullary interstitial cells attenuated the expression of COX2 and the subsequent renal fibrogenesis, linking SIRT1 in renal interstitial cells to oxidative stress signaling and renal fibrosis (36). In addition, SIRT1 activation could inhibit the TGFβ/Smad3 pathway in 5/6 nephrectomy and obstructed kidneys through epigenetic regulation of Smad3, leading to the amelioration of kidney fibrosis (35, 52). Nevertheless, it is known that, following injury, renal tubular cells secrete pro-inflammatory and pro-fibrotic cytokines for maladaptive kidney repair including fibrosis. Accordingly, SIRT1 may ameliorate these responses to improve kidney repair. Our current study provides insights into this mechanism. We show that SIRT1 can deacetylate p65 (a critical component of NF-κB) to prevent NF-κB activation in renal tubular cells. During kidney repair after RLDC treatment, SIRT1 was dramatically down-regulated, resulting in increased p65 acetylation and NF-κB activation leading to the production of various pro-inflammatory cytokines for maladaptive kidney repair. It is worth noting that SIRT1 may deacetylate other target proteins as well. For example, SIRT1 may alleviate cisplatin-induced renal senescence by deacetylating p53 (53). Future research needs to delineate the possible crosstalk between NF-κB signaling and other pathways in terms of SIRT1 regulation during maladaptive kidney repair.

To understand the mechanism of SIRT1 down-regulation following RLDC treatment, we focused on p53, which was implicated in transcriptional regulation of SIRT1 previously (46). In our study, RLDC induced p53 activation and the decrease of SIRT1 transcription in BUMPT cells and mouse kidneys (Figures 7, 8). Moreover, inhibition of p53 with pifithrin-α prevented SIRT1 down-regulation (Figures 7, 8). ChIP analysis further showed that RLDC specifically increased the binding of p53 to the promoter of the Sirt1 gene (Figure 7G), indicating a direct regulation of SIRT1 by p53. Pifithrin-α also reduced the phosphorylation and acetylation of p65 after RLDC treatment (Figures 7H and 8H). All these results support a role of p53 in SIRT1 down-regulation during maladaptive kidney repair after RLDC treatment. Interestingly, SIRT1 may directly deacetylate p53 (53), suggesting a feedback mechanism to control SIRT1 expression.

The current study also suggests therapeutic potentials by targeting the p53/SIRT1/NF-κB signaling axis. First, considering the role of inflammation in the maladaptive repair process, inhibiting inflammation is a logical strategy for improving kidney repair. In this regard, Ravichandran et al. showed that depletion of CD4 T cells did not protect against low-dose cisplatin-induced AKI or subsequent renal fibrosis in mice with cancer, but it led to a weakened anti-cancer effect of cisplatin (17). In clinical trials, monoclonal antibodies that neutralize inflammatory factors have been used to treat kidney diseases. For example, CCR2 antagonists were used in the treatment of type 2 diabetes in a phase I clinical trial (54, 55). However, maladaptive kidney repair likely involves multiple inflammatory factors, and the key pathogenic inflammatory factors remain to be identified by experimental and clinical studies. In this regard, targeting of NF-κB, the “master” transcription factor for a myriad of pro-inflammatory cytokines, would shut down overall inflammation to prevent maladaptive kidney repair and facilitate normal kidney repair or functional recovery. Notably, the current study has unveiled SIRT1 as a negative regulator of NF-κB and pharmacological activation of SIRT1 resulted in deacetylation of p65 and suppression of NF-κB, which were associated with reduced renal inflammation and improved kidney repair. These observations support the therapeutic potential by activating SIRT1 and/or inhibiting NF-κB.
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Metabolic syndrome (MS) is a group of clinical abnormalities characterized by central or abdominal obesity, hypertension, hyperuricemia, and metabolic disorders of glucose or lipid. Currently, the prevalence of MS is estimated about 25% in general population and is progressively increasing, which has become a challenging public health burden. Long-term metabolic disorders can activate the immune system and trigger a low-grade chronic inflammation named “metaflammation.” As an important organ involved in metabolism, the kidney is inevitably attacked by immunity disequilibrium and “metaflammation.” Recently, accumulating studies have suggested that the complement system, the most important and fundamental component of innate immune responses, is actively involved in the development of metabolic kidney diseases. In this review, we updated and summarized the different pathways through which the complement system is activated in a series of metabolic disturbances and the mechanisms on how complement mediate immune cell activation and infiltration, renal parenchymal cell damage, and the deterioration of renal function provide potential new biomarkers and therapeutic options for metabolic kidney diseases.
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Introduction


Metabolic Syndrome

Metabolic syndrome (MS) is a group of clinical abnormalities, which is characterized by central or abdominal obesity, hypertension, hyperuricemia, and metabolic disorders of glucose or lipid (1). According to the Center of Disease Control and Prevention (CDC), the United States witnessed an increase in the prevalence of metabolic syndrome by more than 35% from 1988 to 1994 and 2007 to 2012 (2). Additionally, as a disease previously thought to be associated with western lifestyle and habits, the incidence of metabolic syndrome is now on the rise in developing countries, leading to an estimated prevalence of 25% in the general population (3), which has become a challenging public health burden. Currently, the etiology of MS is still unclear; in addition to genetic and epigenetic factors, overnutrition and sedentary lifestyles are usually thought to be related to its occurrence. Besides abdominal obesity and insulin resistance (IR), the core manifestations of the syndrome (4), MS is also considered to be an important risk factor for multiple diseases, such as cardiovascular disease (CVD), type 2 diabetes mellitus, chronic kidney disease (CKD), arthritis, and even several types of cancer (5–7).

As an important organ involved in metabolism, the kidney is inevitably attacked by various metabolic abnormalities. It has been suggested that individuals with MS has an increased risk for developing renal damage, clinically expressed in the form of microalbuminuria and/or chronic renal dysfunction (8). According to a study based on a large, representative sample of the U.S. general population, metabolic syndrome is a strong and independent risk factor for chronic kidney disease. In addition, the more abnormal metabolic components are, the higher is the risk of renal impairment (9). After excluding the effects of glycemic and blood pressure, MS remained an independent risk factor contributing to the development of CKD (10). Among patients receiving kidney transplants, those with pre-transplant metabolic syndrome have an increased probability of de novo post-transplantation diabetes mellitus (PTDM), chronic graft dysfunction, and even graft loss (11, 12). Compared with controls, kidney lesions in patients with metabolic syndrome are characterized by tubularatrophy and interstitial fibrosis, as well as described as microvascular and obesity-related glomerular changes (13).

Therefore, exploring the pathogenesis of metabolism-related kidney diseases is an important part of the prevention and treatment of CKD. It has been reported that inflammation, insulin resistance, inappropriate activationof the renin–angiotensin–aldosterone system (RAAS) are involved in the progression of metabolism-related kidney diseases, while the association between complement system and these diseases has not been reviewed. In this review, we updated and summarized the mechanisms on how the complement system causes renal damage in different metabolic disorders and discussed possible biomarkers and potential therapeutic targets.



Complement System and Kidney Diseases

The complement system, a fundamental component of innate immune responses, was traditionally considered as the “first line of defense” against microbial intruders (Figure 1). Today, the complement system is recognized as a connecting link between innate and acquired immunity, participating in various processes, such as synapse maturation, clearance of immune complexes, angiogenesis, tissue regeneration, and lipid metabolism (14). Studies have shown that the activation of complement system is implicated in various kidney diseases. In non-immune complex-mediated kidney diseases, uncontrolled complement activation is the primary driver of atypical hemolytic uremic syndrome (aHUS) and C3 glomerulopathy. And in those immune complex-mediated kidney diseases, complement also plays a prominent role in anti-glomerular basement membrane (GBM) disease, lupus nephritis, membranous nephropathy, and IgA nephropathy. Additionally, after renal transplantation, abnormal activation of complement in ischemia-reperfusion and antibody-mediated rejection (ABMR) may lead to inflammation and graft dysfunction (15, 16). Therefore, therapeutic agents which target complement pathways are essential and urgent for these diseases. Eculizumab, a monoclonal anti-C5 antibody, has been proven effective in the treatment of aHUS (17–19), reducing complement activation, endothelial damage, thrombosis, and inflammation, improving renal function in adult patients. In patients with C3 glomerulopathy, the results of eculizumab were mixed (20, 21), requiring more rigorous and multicentric clinical trials. Furthermore, new anti-complement drugs are on the way. Inhibitors of C5a receptor1 (C5aR1), C3, factor B (FB), and factor D (FD), as well as an anti-MBL-associated serine protease 2 (MASP2) monoclonal antibody are under investigation (22). In IgA nephropathy and lupus nephritis, clinical trials which targets MASP2 and C3 are also ongoing (23). Inhibitors of C3 and C5 convertases, together with drugs that target the classical and lectin pathways of the complement system, are highly prospected to improve graft function after transplantation (15). Therefore, exploring the mechanisms on how the complement system mediates renal damage in different metabolic disorders will provide new options for the treatment of metabolic kidney diseases.




Figure 1 | The complement activation pathways: classical, alternative, and lectin pathway. The classic pathway is triggered by binding of antigen–antibody complexes to C1q. The lectin pathway begins with signal recognition by oligomeric structures of MBL, ficolins, and collectins, which active MASP1 and MASP2, thus in turn mediate the production of C4b. Both pathways then lead to the formation of common C3 convertase, C4b2a complex. In the alternative pathway, a small fraction of the C3 molecules is hydrolyzed, exposing new binding sites and then combined with factor B protease. After cleaved by factor D, another C3convertase (C3bBb) is formed, leading to cleavage of further C3, and this process is perpetuated through an amplification loop. All three pathways ultimately result in the cleavage of C3 and C5, leading to the formation of MAC, which inserts into membrane and then induces cell lysis.
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Diabetic Kidney Disease

Diabetes mellitus (DM), a group of metabolic disorders, is characterized by high blood glucose levels. People living with diabetes continue to increase rapidly all over the world, from 108 million in 1980 to 463 million in 2019, and it is estimated that this number will rise to 700 million by 2045 (24, 25). Microvascular damage is one of the severe complications of persistently high blood glucose levels, which involves several organs including the heart, eyes, kidneys, and even the nervous system. Approximately 40% of diabetic patients will develop diabetic kidney disease (DKD) (26), mainly manifested by glomerular hyperfiltration, progressive albuminuria, declining glomerular filtration rate (GFR), and eventually end stage renal disease (ESRD). Originally, metabolic and hemodynamic factors were thought to be the main causes of renal damage (27), while recently, there is increasing evidence of the involvement of immune system in the development and progression of DKD (28–31). The complement system, an important component of immune system, has also been shown to be engaged in this disease.

Proteomic analysis of laser capture microdissected glomeruli confirmed that C3 and the membrane attack complex (MAC, C5b-9) showed increased in patients with DKD (32). Immunohistochemical staining also revealed high expression of complement factor B, C3d, C5aR, and MAC (33). What is more, it is reported that the urinary excretion of C3b, Bb, and MAC are increased in DKD patients and is demonstrated that the presence of complement split products in the urine is associated with accelerated ESRD and death (34, 35).

It is now believed that increased glycation of proteins, which activates the lectin pathway, and the dysfunction of complement regulatory proteins led by hyperglycemia are the main mechanisms to implicate complement in the development of DKD. In vitro experiments have demonstrated that glycation product fructoselysine, whose structure is analogous to mannose, may act as a ligand for MBL and bind to it, initiating complement activation (36). Animal models of DM have also affirmed the role complement lectin pathway played in disease pathogenesis. In the streptozotocininducedtype 1 diabetes mellitus (TIDM) models, mannose-binding lectin (MBL) levels increase (37) and are paralleled with increasing plasma glucose (38). The estimated half-life of recombinant human MBL injected intravenously into diabetic mice was also significantly prolonged (38), suggesting that the elevated MBL in the diabetic models may be due to a combination of increased MBL production and decreased catabolism. Compared to controls, MBL-knockout mice induced by streptozotocin attenuate glomerular hypertrophy, urinary albumin excretion, and renal fibrosis (39). But ficolins, pattern-recognition molecules (PRMs) that cancombine with MASPs to trigger the lectin pathway, may not have a role in the pathogenesis of DKD (40). In type 2 diabetes mellitus (T2DM) rats, the expression of MASP2, a key factor to activate the lectin pathway, is upregulated in renal tubular cells (41). These experimental studies need to be validated in clinical DM patients. In several clinical trials involving patients with T1DM or T2DM, it was confirmed that serum MBL levels were significantly higher in patients with DKD than those DM patients without renal lesions and that high baseline MBL along with CRP levels could be used as a predictor for the development of proteinuria in DM patients (39, 42, 43). And H-ficolin was found to be associated with renal progression, including microalbuminuria, in patients with T1DM (44, 45). Although elevated MASP has been reportedin T1DM (46) and T2DM (47), the potential relevance of MASP and renal damage still requires further investigation in DM patients.

CD59 is a key inhibitor of MAC formation, which is universally expressed in cells. Hyperglycemia induces the dysfunction or inactivation of CD59 after glycation, which proposed the deposition of MAC in renal parenchyma, thereby activating pathways of intracellular signaling, and in turn proinflammatory cytokines and growth factors are released (48). A recent study identified low abundance of urinary CD59 was a significant independent predictor of faster eGFR decline as well as higher risk of progression to ESRD (49).

More components of complement system have also been shown involved in the pathogenesis of DKD. C3a and C5a are well-defined cytokine-like polypeptides that are generated during the activation of the complement system. Li et al. showed that the upregulation of C3a/C3aR and C5a/C5aR was associated with endothelial–myofibroblast transition (EndMT) and fibrosis in glomerular endothelial cells of DKD patients and diabetic rats, and the specific receptor antagonists C3aRA/C5aRA could ameliorate EndMT and renal fibrosis via the inhibition of the Wnt/β-catenin pathway both in vitro and in vivo (50). Decay-accelerating factor (DAF/CD55) is a complement C3 convertase regulator expressed in podocyte. In STZ-induced DKD models, the DAF-deficient mice showed more C3b glomerular deposition and exhibit a more severe disease phenotype and increased histological lesions compared to wild-type mice (51). Additionally, transcriptomic profiling of kidney has also revealed a pivotal role of the C5a/C5aR1 axis in the development of DKD by disrupting mitochondrial agility, which can be restored after inhibiting C5aR (52). What is more, C5aR blockade also alleviated renal dysfunction, ECM deposition, macrophage infiltration, and proinflammatory factor expression in DKD mice, downregulating the expression of many immune response-related genes, such as STAT3 (53). High glucose could also upregulate the expression of factor B and enhance activation of the alternative pathway through mTORC1 activation, which in turn promotes podocyte injury and DKD (33). In clinical trials, plasma levels of C1q, MBL, Bb, C4d, C3a, C5a, and C5b-9 in DKD patients are significantly higher than in diabetes patients without renal involvement (54), and urinary excretion of C3b, Bb, and MAC are also noted (34). A clinical study involved 79 T2DM patients showed that higher concentration of serum C4 level and intensity of glomerular C4c deposits predicted unfavorable renal outcome (55). In a gene-expression analysis of postmortem human kidneys, an upregulation of the expression of C7 in kidney tissue and blood are observed in early DKD, which may be used as a molecular target for detection and/or treatment (56).

As described above, the activation of complement system is involved in the development of renal damage in DM patients, thereby pathways involving reactive oxidative species (ROS), nuclear factor-κB (NF-κB), and protein kinase C (PKC) are triggered (57). Therefore, complement targeting therapies are gradually becoming a horizon for DKD (Figure 2). MBL shares relevant structural and functional homologies with C1q (58); both can be inhibited by C1 esterase inhibitor (C1-INH). As such, C1-INH might be a possible therapeutic approach by suppressing the lectin pathway. Although C1-INH has not been validated in DKD patients, a randomized and placebo-controlled trial indicated patients at a high risk of delayed graft function (DGF) after kidney transplantation required fewer dialysis sessions and had a higher glomerular filtration rate at a 1-year follow-up after treated with C1-INH (59). Another inhibitor of lectin pathway, OMS721, which targets MASP-2, may also provide a new insight about inhibiting the lectin pathway in DKD. Given that the glycation of CD59 leads its inactivation, which enhances complement activity, upregulating the CD59 is regarded as a potential mechanism to inhibit MAC complex formation. Targeting anaphylatoxins C3a and C5a is considered as a promising option, too. Morigi et al. reported that a C3a receptor antagonist improves the podocyte loss, albuminuria, and glomerular injury in T2DM mice (60). Similarly, an inhibitor of the complement cascade (K-76 COONa) also reduced proteinuria and glomerulosclerosis in diabetic rats (61). Although validated in animal models, the safety and efficacy of the inhibitors in humans are still unproven. Eculizumab has proved to be effective in paroxysmal nocturnal hemoglobinuria and atypical hemolytic–uremic syndrome (17). However, considered there is still no data on eculizumab in DKD, more prospective cohort studies are needed.




Figure 2 | Potential mechanisms and targets of complement activation in diabetic kidney disease. In diabetes, increased glycation of proteins leads to the activation of lectin pathway through MBL and the dysfunction of complement regulatory proteins. Hyperglycemia induces the inactivation of CD59, which is the key inhibitor of MAC formation, thus predisposing to MAC deposition. Anaphylatoxins C3a and C5a are also proved to participate in the pathogenesis of DKD. Potential complement-targeted therapeutics for DKD in red boxes include C1-INH, OSM721, C3aR inhibitors, C5aR inhibitors, and CD59 agonists.





Hypertensive Kidney Disease

Hypertension is a major cause of premature death worldwide, with approximately 1.28 billion adults aged 30–79 years worldwide suffering from it, most (two-thirds) living in low- and middle-income countries (62). Nowadays, several large cohort studies have reported that hypertension is an important risk factor for CKD and ESRD (63–65). Hypertensive kidney disease still lacks a clear definition, while it is considered to be the second most common cause of CKD and ESRD, after diabetic kidney disease. Compared to DKD patients, patients with hypertensive kidney disease have less proteinuria, but still accompanied by decreased GFR and increased serum creatinine. Besides oxidative stress in glomerular endothelial cells induced by mechanical injury and activation of RAAS were traditionally known as the main factors of renal damage in hypertension (66), substantial evidence has implicated that several components of the complement system are involved in hypertensive kidney disease (HKD).

We have observed the deposition of complement components in renal biopsy from patients and animals with hypertensive kidney disease in both previous clinical practice and literature reports (67, 68). And clinical trials have shown that serum C3 are paralleled with systolic blood pressure (69, 70). In renal biopsy, studies have found C3c and C5b-9 activated in hypertension-associated TMA, with disordered levels of factor B, D, P, and H while normal C4 level in those patients (71–73). Since C4 is a molecule involved in both classical and lectin pathways, researchers tend to believe that the alternative pathway (AP) is primary in the pathogenetic process of hypertensive kidney disease.

Complement disorders in HKD patients may be a result of multiple conditions. Békássy et al. demonstrated that renin, a kidney-specific enzyme, cleaves C3 into C3a and C3b in a manner identical to the C3 convertase, thus triggering the alternative pathway. And the cleavage can be inhibited by the renin inhibitor aliskiren in vitro (74). However, this intriguing possibility still needs to be proven in vivo relevance. Factor H is an important negative regulator of AP and can bind to heparin sulfate (HS) in the GBM to protect host cells from complement attack. In patients with hypertensive kidney disease, the GBM is destroyed and exhibits lower HS levels, then the AP would be overactivated (75–77). More importantly, the kidney is a potential complement source (78–81). Tubular epithelial cells can synthesize all complement AP proteins in vitro. Glomerular endothelial cells (GECs) also synthesize more CFD and properdin than brain microvascular endothelial cells (BMECs) and human umbilical vein endothelial cells (HUVECs) (82, 83). Hence, the kidney is vulnerable to AP activation because of the altered levels of local complement.

Considering that the complement AP acts as an important role to aggravate kidney tissue damage, targeting the complement system seems to be an optional therapy. Raij et al. reported that DOCA-salt hypertensive C5-sufficient mice showed more severe renal insufficiency and proteinuria than C5-deficient mice and presented more glomerular cell proliferation, cell necrosis, and glomerulosclerosis, extracapillary proliferation morphologically (84). In angiotensin II-induced hypertensive model, C5a receptor 1-deficient mice have lower renal mRNA expression of NGAL and CCL2, as well as less severe albuminuria (85). In spontaneously hypertensive rats (SHR) which show stronger immunohistochemical expression of C3 in glomerulus than controls, after a given inhibitor of C3a receptor, the synthetic phenotype in mesangial cells (MCs) and the production of matrix Gla and collagen IV are suppressed (86, 87). These all remind us that complement inhibition may improve kidney damage caused by hypertension in animal models. Nevertheless, in the Dahl SS rat-fed high-salt diet, after 21 days of treatment with the inhibitor of C3 and C5 convertases CR1, no significant improvement of proteinuria was detected, although C3a production was suppressed (88), which seems to remind us that complement activation in the circulation might not be a critical factor for the kidney damage due to an increased sodium intake caused hypertension. Presently, the use of complement inhibitor in patients with hypertension is limited. A clinical study demonstrated that early treatment with eculizumab can restore renal functionand reduce TMA recurrence in subjects with malignant hypertension (89), while medication targeting C3aR is still not available in the clinic. More research is urgently needed to confirm the feasibility and efficacy of this new treatment.



Obesity-Related Nephropathy

Obesity is defined as body mass index (BMI) over 30. Statistics from WHO suggest that 650 million adults were obese worldwide in 2016, nearly tripled in 1975. Although obesity has been identified as an independent risk factor for ESRD after adjustment for multiple epidemiologic and clinical features including the presence of diabetes mellitus and hypertension (90), the specific pathogenesis of obesity-related nephropathy is not fully understood. Insulin resistance, inappropriate activation of RAAS, inflammation, and structural changes of kidney are generally regarded as possible explanation (91).

Studies of the complement system in obesity-related nephropathy are limited. Gauvreau et al. reported that mice-deficient in properdin (PKO), which upregulates the alternative pathway by stabilizing the C3bBb complex, had increased body fat mass, as well as a greater excretion of β2 microglobulin and mesangial cell proliferation when fed a high-fat diet compared to controls (92, 93). Reports have also revealed that C3a receptor and C5a receptor contribute to obese adipose tissue inflammationand insulin resistance through macrophage accumulation and M1 polarization (94, 95). Once macrophages are activated, the downstream molecules including the proinflammatory cytokines, chemokines and cellular adhesion molecules are produced, which stimulate subsequently kidney injury and renal fibrosis (96, 97). Lim et al. reported that targeting the receptors of anaphylatoxin C3a and C5a can improve visceral adiposity and inhibit the macrophage signaling, suggesting that it may be a new strategy for treating metabolic dysfunction in animal models (98). Accumulated evidence indicated that serum C3 levels might be a biomarker for insulin resistance in obesity (99) and nonalcoholic fatty liver disease (100). Furthermore, a cross-sectional observational study enrolled 1,191 Chinese adolescents identified that serum C1q was positively related to MS, and may represent a biomarker for predicting obesity or MS in adolescents (101). However, more studies are needed to determine whether complement components can be biomarkers for obesity-related nephropathy.



Hyperuricemia-Induced Kidney Disease

Uric acid is the end product of purine metabolism, with approximately two-third of urate elimination occurs in kidney (102), whose excessive accumulation leads to hyperuricemia, gouty arthritis, and kidney injury. Uric acid was reported to induce glomerulosclerosis, tubular injury, and interstitial fibrosis, which is suspected to be related with abnormal activation of RAAS and immune system. Although the pathogenesis of hyperuricemia-induced kidney disease is precisely unknown, hyperuricemia has been an independent risk factor for CKD.

Increased urate concentrations result in the deposition of monosodium urate (MSU) crystals in articulations and kidneys, thus leading to structural and functional damage. In a study including 2,731 non-diabetic adults, C3 and C-reactive protein (CRP) was reported to increase positively related with stimulation of uric acid (103). Of note, CRP binds to MSU, thus recruits and activates C1 and MASP1, resulting in the fixation of MAC (104). Additionally, a functional C5 convertase complex assembles at the surface of MSU crystals, leading to the generation of active C5a and C5b (105). C5a then activates the NLRP3 inflammasome in macrophages (106) and promotes the release of IL-1β, which in turn regulates neutrophil recruitment (107), thereby participates in the inflammation caused by hyperuricemia. Nevertheless, there are still no reports about the interaction between renal parenchymal cells and components of the complement system in hyperuricemia. Whether complement system could provide a novel target for hyperuricemia-induced kidney disease needs further investigation.




Discussion

Various metabolic disorders especially DM and hypertension have become the key factors for the progression of renal damage, which in turn aggravates metabolic disturbances. The mechanisms how complement components interact with kidneys are related to poorly controlled primary diseases, insulin resistance, and chronic inflammation. As we mentioned above, as the most important and fundamental component of innate immune responses, the complement system participates in the metaflammation and tissue damage in kidneys through several pathways (Table 1), so that parts of complement components are considered to be novel biomarkers for metabolic kidney diseases. At the same time, therapeutic options targeting the complement system attract the attention of the researchers. Given the important role complement components played in protective immunity against pathogens, long-term blockade of them may lead to potential adverse consequences especially infection. Therefore, more clinical trials are needed to identify the safety and effectiveness of these new inhibitors.


Table 1 | The role of complement system in the kidney under different metabolic disorders.
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Background

IgA nephropathy (IgAN) is an autoimmune disease that affects people of any age and is an important cause of end-stage renal disease. However, the pathogenesis and pathophysiology of IgAN is not clear. This article aimed to explore the immune-mediated inflammation and genetic mechanisms in IgAN.



Methods

The transcriptome sequencing data of IgAN glomeruli in the Gene Expression Omnibus database were downloaded. Single-sample gene set enrichment analysis was used to estimate the immune microenvironment of the merged microarray data and GSE141295. IgAN samples were divided into two clusters by cluster analysis. “limma” and “DEseq2” package in R were used to identify differentially expressed genes (DEGs). The weighted gene co-expression network analysis (WGCNA) was used to identify the co-expression modules related to inflammation in IgAN. R software package “clusterProfiler” was used for enrichment analysis, whereas Short Time-Series Expression Miner (STEM) analysis was used to identify the trend of gene expression. Machine-learn (ML) was performed using the shiny app. Finally, Drug Signatures Database (DSigDB) was used to identify potential molecules for treating IgAN.



Results

The infiltration of macrophages in IgAN glomeruli was increased, whereas CD4+ T cells, especially inducedregulatory T cells (iTregs) were decreased. A total of 1,104 common DEGs were identified from the merged data and GSE141295. Brown module was identified to have the highest inflammatory correlation with IgAN using WGCNA, and 15 hub genes were screened from this module. Among these 15 hub genes, 14 increased with the severity of IgAN inflammation based on STEM analysis. Neural network (nnet) is considered as the best model to predict the severity of IgAN. Fucose identified from DSigDB has a potential biological activity to treat IgAN.



Conclusion

The increase of macrophages and the decrease of iTregs in glomeruli represent the immune-mediated inflammation of IgAN, and fucose may be a potential therapeutic molecule against IgAN because it affects genes involved in the severe inflammation of IgAN.





Keywords: IgA nephropathy, immune-mediated inflammation, hub genes, machine learning, fucose



Introduction

IgA nephropathy (IgAN) has become a considerable public health issue worldwide as it affects people of any age. Approximately 30% of patients with IgAN develop end-stage renal disease (ESRD) within 20 years of diagnosis (1). As the most prevalent glomerulonephritis worldwide, genetic factors, mucosal immune responses, infections, and gut microbiome participate in its occurrence and development (2, 3). Although the precise pathogenetic mechanisms are not sufficiently clear (4), undoubtedly, immunological factors play a critical role in all stages of IgAN development (5). Poorly O-galactosylated IgA1, produced by abnormal mucosal immunity, will deposit in the glomerular mesangium, leading to the activation of various immune cells and the release of inflammatory mediators in the kidney (6). Subsequently, glomerular and tubule function will be impaired (7).

Immune-mediated inflammation greatly affects the pathophysiology of IgAN. However, limited understanding poses great challenges for effective treatment of IgAN (8). Currently, there are not approved therapies yet, both optimized supportive care and immunosuppressive therapy have many deficiencies (9). It is crucial to explore the immune microenvironment and potential markers of inflammation in IgAN to clarify the pathogenesis of IgAN and seek effective treatment such as targeted therapy (10).

In this study, we collected all transcriptome sequencing data of IgAN glomeruli from the Gene Expression Omnibus (GEO) database (11). In addition, bioinformatics such as single-sample gene set enrichment analysis (ssGSEA), co-expression analysis, and machine learning (ML) were used to explore the immune characteristics of IgAN glomeruli and screen out the signature genes that may represent inflammation in IgAN glomeruli.



Methods


Data collection and processing

The keyword “IgA Nephropathy” was used to search IgAN gene expression profiles in the GEO database. For accuracy and comprehensiveness, all transcriptome sequencing data of IgAN glomeruli were obtained from the GEO database. Five datasets [including four microarray datasets and one RNA sequencing (RNA-seq) dataset] were downloaded (Table 1). Then, gene symbols conversion and log2 transformation were performed for gene expression profiling. In addition, R software package “inSilicoMerging” was used for the combination of multiple datasets. Then, the “combat” function was used to remove the batch effect to finally get “data1” (Supplementary Table 1) (12). Although RNA-seq and microarray expression levels may appear different, transforming them into biologically relevant gene set enrichment scores significantly increases their correlation (13). Thus, two types of sequencing data were combined to acquire more reliable results.


Table 1 | The information of five datasets obtained from GEO database.





Single-sample gene set enrichment analysis

As CIBERSORT and other methods could not yield enough results of T cell subtypes, ImmuCellAI (Immune Cell Abundance Identifier) was used to perform ssGSEA on the combined microarray data and RNA-seq data, which is a tool to estimate the abundance of 24 immune cells from gene expression datasets. The 24 immune cells are composed of 18 T-cell subtypes and six other immune cells. The marker gene sets for immune cell types were obtained from Miao et al. (Supplementary Table 2) (14).



Immune cell clustering of IgAN

Although the GEO database does not have sufficient clinical information of these samples, cluster analysis can help find subclasses of disease. Thus, “ConsensusClusterPlus” was used to perform cluster analysis, which is a class discovery tool with confidence assessments and item tracking, using agglomerative pam clustering with a one–Pearson correlation distances and resampling 80% of the samples for 10 repetitions (15). The optimal number of clusters was determined using the empirical cumulative distribution function plot. Comparison of identified clusters of immune cell differences to distinguish their immune characteristics was conducted.



Differential expression analysis for IgAN

“limma” in R software was used to identify the differentially expressed genes (DEGs) between IgAN and controls in data1 (16). “DESeq2 (version 1.32.0)” package was used to conduct difference analysis in GSE141295 (17). Genes with a criterion of P < 0.05 were considered as DEGs. Then, the results of the two parts were combined to get both upregulated and downregulated common DEGs in two types of sequencing data. We named the expression matrix of these genes in IgAN samples of data1 as “data2” (Supplementary Table 3).



Co-expression analysis between DEGs and IgAN clusters

Data2 was used to construct a scale-free co-expression network through weighted gene co-expression network analysis (WGCNA) using the R package “WGCAN” (18). First, the Pearson’s correlation matrices and average linkage method were both performed for all pair-wise genes. Then, a weighted adjacency matrix was constructed using a power function A_mn=|C_mn|^β (C_mn = Pearson’s correlation between Gene_m and Gene_n; A_mn= adjacency between Gene m and Gene n). β was a soft-thresholding parameter that could emphasize strong correlations between genes and penalize weak correlations. After choosing the power of 4, the adjacency was transformed into a topological overlap matrix (TOM), which could measure the network connectivity of a gene defined as the sum of its adjacency with all other genes for network generation, and the corresponding dissimilarity (1-TOM) was calculated. To classify genes with similar expression profiles into gene modules, average linkage hierarchical clustering was conducted according to the TOM-based dissimilarity measure with a minimum size (gene group) of 25 for the genes dendrogram. To further analyze the module, we calculated the dissimilarity of module eigen genes, chose a cut line for module dendrogram, and merged some modules. Other parameters include R square-cut = 0.85 and deep split = 2. Finally, we identified the module with the highest correlation coefficient and screened the hub genes (19).



Enrichment analysis

R software package “clusterProfiler” (version 3.14.3) was used for enrichment analysis to obtain the results of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis (20). Set the minimum gene set to 5 and the maximum gene set to 5,000. P-value < 0.05 and a false discovery rate (FDR) < 0.25 were considered statistically significant.



Short time-series expression miner analysis

Short Time-Series Expression Miner (STEM) analysis was performed to cluster the hub genes with the same time trend in clusters and controls in data1; P < 0.05 was considered statistically significant clustering (21). The significantly clustered genes showed a gradual upregulation or downregulation trend.



Construction and assessment of machine learning models

For better predicting and evaluating the inflammation in IgAN, “Machine-learn” in the shiny app (https://shiny.hiplot.com.cn/mach-learn/) was used to construct six ML models (SvmLinear, SvmPoly, Neural Network, RandomForest, K-NN, and Naive Bayes) based on hub genes. Cross-validation (CV) folds were set to 10 (22). Finally, the best model was identified according to accuracy and kappa-value.



Identification of potential molecules for IgAN

The inflammatory characteristics of IgAN were represented by hub genes identified by WGCNA. The Drug Signatures Database (DSigDB) in the Enrichr (https://amp.pharm.mssm.edu/Enrichr/) platform was used to screen the molecules, which could regulate the expression of hub genes and identify candidate molecules for IgAN treatment (23).




Results


Data collection and processing

Four microarray datasets were merged to a new matrix “data1” using package “inSilicoMerging”, which consisted of 100 patients with IgAN and 70 healthy controls. Box plot, density plot, and uniform manifold approximation and projection (UMAP) plot were generated to show differences between samples before and after batch effect removal (Figure 1). It can be observed that the sample distribution of each dataset differs greatly before the removal of the batch effect, suggesting the existence of the batch effect. After the removal of the batch effect, the data distribution of each dataset tends to be consistent.




Figure 1 | Merging datasets and removing batch effect. (A) The box plot of sample distribution of each datasets before the removal of batch effect, which indicated the differences of sample distribution and the existence of batch effect. (B) The box plot of sample distribution of each datasets after the removal of batch effect, which indicated that data distribution tends to be consistent across datasets, with the median in a line. (C) The density plot of sample distribution of each datasets before the removal of batch effect, which indicated the differences of sample distribution and the existence of batch effect. (D) The density plot of sample distribution of each datasets after the removal of batch effect, which indicated that data distribution tends to be consistent across datasets, with the close mean and variance. (E) The UAMP of sample distribution of each datasets before the removal of batch effect; samples from individual datasets are clustered separately, which indicated the existence of batch effect. (F) The UAMP of sample distribution of each datasets after the removal of batch effect; the samples of each datasets were clustered together, suggesting a good removal of batch effect.





Single-sample gene set enrichment analysis

The abundance of 24 types of immune cells in data1 and GSE141295 was calculated using ImmuCellAI, including 10 kinds of layer1 cells (DC, B cell, monocyte, macrophage, NK cell, neutrophil, CD4+ T cell, CD8+ T cell, NKT, and Tgd) and 14 kinds of layer2 cells, which contained 14 T cell subtypes (CD naive T cell, Tr1, nTreg, iTreg, Th1, Th2, Th17, Tfh, CD8 naive T cell, Tc, Tex, MAIT, Tcm, and Tem).

Figure 2A demonstrated the abundance of 10 layer1 immune cells in data1 and GSE141295. The DC, macrophage, CD8+ T cell, Tex, MAIT, and Tem were increased in IgAN samples of data1, whereas the CD4+ T cell, neutrophils, iTreg, nTreg, Tcm, Th2, and Th17 were reduced (Figures 2B, C). Meanwhile, macrophage and NKT were increased, and B cell, CD4+ T cell, Tr1, nTreg, iTreg, Th1, and Tfh were reduced in IgAN samples of GSE141295 (Figures 2D, E). It was suggested that the immune signatures of IgAN may be represented by the increase in macrophages and a decrease in CD4+ T cells, particularly iTreg cells based on the ssGSEA results of data1 and GSE141295.




Figure 2 | ssGSEA of data1 and GSE141295. (A) Differences in 10 layer1 immune cell infiltration between IgAN and controls. Each row represents a type of immune cell; each column, a different group. (B) Differences in abundance of 10 types of layer1 immune cells between IgAN and controls of data1. (C) Differences in abundance of 14 types of layer2 immune cells between IgAN and controls of data1. (D) Differences in abundance of 10 types of layer1 immune cells between IgAN and controls of GSE141295. (E) Differences in abundance of 14 types of layer2 immune cells between IgAN and controls of GSE141295.





Immunoinfiltration clustering of IgAN

To further explore the genetic mechanisms of IgAN, cluster analysis was performed on 100 IgAN samples in data1 based on the abundance of 24 types of immune cells obtained from ssGSEA. In the CDF curve of different K-values, the CDF delta has the slowest downward trend when K-value = 2 (Figure 3A), and the area under the CDF curve increased with the increase of the K-value (Figure 3B). We need to keep the CDF delta decline as slow as possible on the premise of keeping the area as large as possible. Ultimately, the number of clusters was selected as K = 2 for achieving the highest average consistency within the groups (Figure 3C). One-hundred IgAN samples were divided into two clusters (Figure 3D), 53 samples in cluster 1, and 47 samples in cluster 2 (Supplementary Table 4).




Figure 3 | Cluster analysis of 100 IgAN samples in data1 based on the abundance of immune cells. (A) The CDF curve of different K-values; the CDF delta has the slowest downward trend when K-value = 2. (B) The relative change in area under CDF curve; as the K-value increased, the area under the CDF curve increases gradually. (C) The bar graph of the consistency within the clusters; the number of clusters with the highest average consistency within the group was K-value = 2. (D) The heat map of clusters; there were 53 IgAN samples in cluster 1, whereas there were 47 IgAN samples in cluster 2. (E) The differences in abundance of 10 types of layer1 immune cells between controls, cluster 1, and cluster 2. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.



We then compared the abundance of immune cells in cluster 1 and cluster 2. DCs, macrophages, and NK cells in cluster 2 were significantly higher than those in cluster 1. There was no difference in macrophages and NK cells of cluster 2 compared with the controls (Figure 3E). Thus, cluster 2 is considered to represent severe inflammation, whereas cluster 1 represented mild inflammation in IgAN samples.



Differentially expression analysis for IgAN

A total of 3,754 DEGs between IgAN and the control group in data1 were identified with P < 0.05, including 1,553 upregulated and 2,203 downregulated genes. In addition, 2,818 upregulated and 7,097 downregulated genes were obtained from GSE141295 (Figure 4A); DEGs of data1 and GSE141295 were combined to screen 1,104 common DEGs, which consisted of 637 upregulated and 467 downregulated genes (Figures 4B, C). Then, the expression matrix of 1,104 common DEGs from 100 IgAN samples in data1 was selected to generate data2 for further analysis.




Figure 4 | Identification of common DEGs in data1 and GSE141295. (A) The Manhattan plot of DEGs in data1 and GSE141295. 1: 1,553 upregulated genes in the IgAN samples of data1; 2: 2,203 downregulated genes in the IgAN samples of data1; 3: 2,818 upregulated in the IgAN samples of GSE141295; 4: 7,097 downregulated in the IgAN samples of GSE141295. (B) The Venn diagram of 636 common upregulated genes in data1 and GSE141295. (C) The Venn diagram of 467 common downregulated genes in data1 and GSE141295.





Co-expression analysis between DEGs and IgAN clusters

To identify the genes significantly associated with IgAN clusters, 1,104 genes in data2 were divided into seven modules using WGCNA based on β = 4 (Figures 5A, B). In addition, the brown module was positively correlated with cluster 2 and negatively correlated with cluster 1, which had the highest correlation with igAN cluster and contained 219 genes (Figure 5C). Furthermore, we calculated the correlation between module feature vectors and gene expression to obtain hub genes, based on the cutoff criteria (|MM| > 0.9). Fifteen genes with high connectivity in the clinical significant module were identified as hub genes, which were considered to be associated with severe inflammation in IgAN. Cytoscape 3.8.2 was used to show the correlations between them (Figure 5D).




Figure 5 | WGCNA of IgAN clusters in data. (A) Identification of soft threshold, β = 4 was considered the most suitable. (B) The cluster dendrogram of co-expression genes in clusters of 100 IgAN samples. (C) Module–trait relationships in clusters of 100 IgAN samples. Each cell contains corresponding correlation and p-value. (D) The network of 15 hub genes in the brown module based on MM = 0.9.





Enrichment analysis

The results of enrichment analysis indicated that 15 hub genes were related to immune processes such as NK cell–mediated cytotoxicity, complement and coagulation cascades, and cell killing pathways in KEGG (Figure 6A). In terms of GO, 15 hub genes were involved in, interleukin-6 (IL-6), IL-10, Toll-like receptor signaling pathway, interferon-gamma–mediated signaling pathway, and macrophage activation involved in immune response production (Figure 6B).




Figure 6 | The enrichment analysis of 15 hub genes in the brown module. (A) The KEGG enrichment analysis of 15 hub genes in the brown module. (B) The GO enrichment analysis of 15 hub genes in the brown module, including cellular component, biological process, and molecular function.





Short time-series expression miner analysis

STEM analysis was used to determine the alteration in 15 hub genes during the progression from healthy controls to different IgAN clusters (Supplementary Table 5). Among them, C3AR1, CYBB, CTSS, IGTB2, FCER1G, TYROBP, CD53, RAC2, HCK, IFI30, IL10RA, NCF2, TLR2, and HCLS1 showed a trend of gradual increase with different IgAN clusters (Figure 7A). C3AR1, CD53, CTSS, CYBB, FCER1G, HCK, IFI30, IL10RA, ITGB2, RAC2, and TYROBP were in trend 1, NCF2, SAMSN1, and TLR2 were in trend 2, whereas HCLS1 was in trend 3 (Figures 7B–D). The results of STEM analysis suggested that these 14 genes may be associated with different immune infiltration of IgAN alterations. These genes may be potential inflammation biomarkers in IgAN.




Figure 7 | STEM analysis of 15 hub genes. (A) The heat map of 15 hub gene expression trends. In addition to SAMSN1, the expression of the other 14 hub genes increased gradually from control group to cluster 1 and then to cluster 2. (B) The line chart of six gene expressions in trend 1, including C3AR1, CD53, CTSS, CYBB, FCER1G, HCK, IFI30, IL10RA, ITGB2, RAC2, and TYROBP. (C) The line chart of six gene expressions in trend 2, including NCF2, SAMSN1, and TLR2. (D) The line chart of six gene expressions in trend 3, including HCLS1.





Construction and assessment of machine learning model

Fourteen hub genes that increased with different IgAN clusters were selected to construct ML models. The model rank and prediction–observation values of six models were generated on the basis of CV = 10 (Figures 8A, B). The value of observed vs. predicted is shown in Figure 8C, and Figure 8D shows the feature importance. Considering accuracy and kappa-values (Table 2), Nnet-5-0.1 was the best model for predicting the inflammation in IgAN based on 14 hub genes, which were significantly correlated with the severity of inflammatory infiltration in IgAN glomeruli. This model may be of great value in predicting the severity of IgAN glomeruli inflammation in the future.




Figure 8 | construction and evaluation of ML models. (A) The cross-validation results of the accuracy of all models. (B) The cross-validation results of the kappa-value of all models. (C) The observed vs. predicted (best candidate for algorithm) of all models. (D) Feature importance of genes in the ML models.




Table 2 | The accuracy and kappa-value of top 10 models.





Identification of potential molecules for IgAN

Enrichr platform is used to identify potential molecules for IgAN using hub genes. The molecules that could regulate the expression of hub genes were collected from DSigDB (Supplementary Table 6). Table 3 shows the top 10 potential molecules from DSigDB; among them, fucose was considered as a candidate molecule for the treatment of IgAN as it has the highest odds ratio and the highest combined score.


Table 3 | Suggested top 10 small molecules for IgAN.






Discussion

IgAN is an autoimmune disease that is driven by environment, genetics, and immunity, particularly the dysregulations in the adaptive and innate immune systems  (5). Although it has been discovered and studied for many years, there are still limitations on its pathogenesis, pathophysiology, and treatment (24). Exploring the immune-mediated inflammation in IgAN glomeruli would bring new insights and breakthroughs to the protecting of glomerular function and personalized treatment.

To improve the accuracy and persuasiveness of the study, all IgAN glomeruli-related microarray data in the GEO database were downloaded and combined into new data in addition to a RNA-seq dataset. There were differences in ssGSEA results between microarray data and RNA-seq data, but both of them lead to the same conclusion that is macrophage infiltration increased while CD4+ T cell infiltration decreased in the IgAN glomeruli.

Macrophages can be used as an important indicator to estimate the development and prognosis of renal diseases due to their involvement in the development of renal fibrosis (25), which is a necessary process for all chronic kidney disease to develop into ESRD (26). Stimulated by inflammatory signals, circulating monocytes migrate and infiltrate into the kidney and then differentiate into macrophages (27). Macrophages could differentiate into M0, M1, and M2 types (28). Immune complexes and necrotic cells can activate innate immune receptors and promote the differentiation of M1 macrophages, which promotes a series of inflammatory responses and leads to kidney damage by secreting proinflammatory cytokines such as TNF-α, IL-1, IL-6, IL-12, and chemokines (29). As the development of inflammation and the production of anti-inflammatory factors, the macrophages polarize toward M2 macrophages, which limit inflammatory response, promote renal repair, and cause fibrosis (30). Macrophages play a critical role in glomerular inflammation and glomerulosclerosis, and anti-apoptosis inhibitor of macrophage therapy could inhibit the progression of kidney inflammation and renal fibrosis (31). This reveals the importance of macrophages in immune-mediated inflammation in IgAN. The abundance of macrophages represents the severity of renal inflammation in IgAN, which provides theoretical support for our subsequent cluster analysis and targeted macrophage therapy.

In contrast to the increase of macrophages, the abundance of CD4+ T cells was significantly reduced compared with the controls in IgAN glomeruli. CD4+ T cells participate in the IgAN through differentiating into helper T cells (Th) and regulatory T cells (Treg) (32). Notably, as an important subtype of CD+ T cells, iTreg was significantly reduced in the glomeruli of IgAN. T cells are induced to differentiate in vitro to produce iTregs that exert immunosuppressive actions through secreting cytokines, such as IL-4, IL-10, and TGF-β, and play an important role in immune homeostasis and induction of immune tolerance (33). A number of research revealed that the decrease of Tregs may be involved in the occurrence of IgAN (34, 35). Some studies indicated not only a deficient quantity but also poor immunosuppressive function of Tregs in IgAN (36). In addition, The decrease of Tregs always signifies an increased abundance of Ths. Among the various Ths, Th17 deserves the most attention, as the balance of Th17 and Treg in vivo maintains immune homeostasis and they can be transformed into each other under certain conditions (37, 38). The dual defects in the quantity and function of Tregs make the inflammation more active in the kidney, which could be an important cause of IgAN progression (36). Restoring immune homeostasis and tolerance through the amplification and induction of Tregs may be an important way to cure or control IgAN (39). It is worth mentioning that the inflammation in IgAN glomeruli is mediated by a combination of immune cells, but perhaps the most dazzling are macrophages and T cells. Changes in macrophages and T cells may be the most valuable and effective therapeutic targets.

On the basis of the results of ssGSEA, cluster analysis was performed on IgAN samples in data1 and obtained two clusters. Macrophages and NK cells in cluster 2 were significantly higher than those in cluster 1. Cluster 1 was defined as mild inflammation and cluster 2 as severe inflammation. In addition, 637 upregulated and 467 downregulated genes were identified from data1 and GSE141295. The above results were then used for WGCNA to explore the gene modules closely related to glomerular inflammation.

The brown module had the highest correlation with IgAN clusters, and 15 hub genes were screened from it according to appropriate thresholds, which were considered to be markers of severe inflammation in IgAN glomeruli. KEGG enrichment analysis indicated that these 15 hub genes were involved in various immune processes such as NK cell–mediated cytotoxicity and cell killing pathways, which are related to the progression and prognosis of IgAN (40). In addition, hub genes were involved in the complement and coagulation cascades, which play a crucial role in IgAN progression and renal function decline (41). In terms of GO enrichment analysis, 15 hub genes were associated with the production of IL-6 and IL-10, macrophage activation involved in immune response, and Toll-like receptor signaling pathway, which are important components of innate and adaptive immunity and critical for the pathogenesis of IgAN (42). It is worth mentioning that IL-6 involves in the etiopathogenesis of IgAN through the production of Gd-IgA1 and regulation of mesangial cell proliferation (43), whereas IL-10 represses proinflammatory responses and limits kidney disruptions caused by inflammation (44). Although almost all lymphocytes can synthesize IL-10, the most important sources in vivo are activated mononuclear macrophages and CD4+ T cells (45). These results indicated that the hub genes are closely related to the changes in the abundance and activation of CD4+ T cells and macrophages in the immune microenvironment of IgAN, which could be used as potential therapeutic targets.

Searching for reliable biomarkers is the basis of diagnosis and targeted therapy for IgAN. We identified 14 genes from 15 hub genes using STEM analysis, which was beneficial for predicting and evaluating the inflammation in IgAN glomeruli. ML has been widely used in medicine to construct diagnostic and predictive models of diseases (46). After testing and evaluating six models, neural network (nnet) was considered as the most valuable for the prediction of inflammation in IgAN glomeruli due to its highest accuracy and kappa-values. It is widely used for building prediction models from microarray data (47). The research on the immune microenvironment and the prediction model is expected to promote the exploration of the pathogenesis and personalized treatment of IgAN.

Angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker benefits in controlling blood pressure and reducing proteinuria. However, they cannot improve the inflammation of the kidney. Although immunosuppressants and monoclonal antibodies have been used to inhibit the inflammatory response and progression of IgAN, there is debate about their safety and effectiveness (10). Thus, it is critical to explore effective drugs for improving the symptoms and prognosis of patients with IgAN.

Fucose in DSigDB was identified as a potential molecule for treating IgAN based on 14 hub genes. Fucose is a monosaccharide present abundantly in gut glycoproteins and mediates the host–microbe symbiosis that could suppress the virulence of pathogens and pathobionts and improves both gut-centered and systemic infection and inflammation (48). Furthermore, fucose plays an important role in immunoregulation of renal disease by reducing the deposition of complement C3 on renal tubules and infiltration of immune cells (49), which is beneficial to the therapeutic intervention of IgAN (50). Moreover, the activation of macrophage can be inhibited by fucose, and it is an important regulator of intestinal mucosal immunity (51). Fucose plays a critical role in mucosal immunity through its immunocompetence of anti-infection and anti-inflammation (52), which is of great significance to prevent the occurrence and progression of IgAN from the pathogenesis. In addition, fucose is also a powerful antioxidant that reduces tissue damage caused by inflammation and protects renal function (53). The excellent biological activity of fucose may become an effective treatment for IgAN in the future.

There are also certain limitations in our study; the data obtained from GEO lack adequate clinical information, which makes more detailed grouping and exploration difficult. Further molecular experiments for the validation of genes and molecules are missing, and large clinical samples will be collected to verify our findings in the future. In addition, fucose as a potential therapeutic molecule for IgAN is predicted based on the DSigDB and lacks experimental verification, and we plan to conduct subsequent experiments in animal models.

In conclusion, the present study demonstrated that the increase of macrophages and decrease of iTregs are immune signatures in IgAN glomeruli. We identified 15 hub genes associated with severe inflammation and used 14 of them to construct a nnet model to predict and evaluate the inflammation in IgAN. Finally, we predict a molecule called fucose that may become an effective drug for IgAN in the future.
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Renal fibrosis is the inevitable pathway of the progression of chronic kidney disease to end-stage renal disease, which manifests as progressive glomerulosclerosis and renal interstitial fibrosis. In a previous study, we observed severe interstitial fibrosis in the contralateral kidneys of 6-month unilateral ureteral obstruction (UUO) rats, which was accompanied by increased macrophage infiltration and phenotypic transformation; after eplerenone administration, these effects were reduced. Therefore, we hypothesized that this effect was closely related to mineralocorticoid receptor (MR) activation induced by the increased aldosterone (ALD) level. In this study, we used uninephrectomy plus continuous aldosterone infusion in mice to observe whether aldosterone induced macrophage-to-myofibroblast transition (MMT) and renal fibrosis and investigated the signaling pathways. Notably, aldosterone induced predominantly M1 macrophage-to-myofibroblast transition by activating MR and upregulating TGF-β1 expression, which promoted renal fibrosis. These effects were antagonized by the MR blocker esaxerenone. These findings suggest that targeting the MR/TGF-β1 pathway may be an effective therapeutic strategy for renal fibrosis.
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1 Introduction

Chronic kidney disease (CKD) has been considered a global public health problem with increased incidence and prevalence due to demographic expansion and major changes in epidemiologic trends, resulting in health and financial burdens (1). Renal fibrosis is the final pathological manifestation of end-stage renal disease (ESRD) and CKD (2). Renal fibrosis represents the unsuccessful healing of kidney tissue after chronic and sustained injury and is characterized by glomerulosclerosis, tubular atrophy, and interstitial fibrosis (2). Renal interstitial fibrosis (RIF) mainly manifests as a substantial accumulation of myofibroblasts and extracellular matrix (ECM) in the renal interstitial.

Myofibroblasts, which are characterized by the expression of α-SMA, are the main cells responsible for pathogenic collagen production and the predominant effector cells during tissue fibrosis (3, 4). The origin of myofibroblasts in renal fibrosis is controversial, and several cellular sources have been identified, including bone marrow-derived fibroblasts, tubular epithelial cells, endothelial cells, pericytes, and interstitial fibroblasts (3). Recently, accumulating evidence has indicated that macrophage-to-myofibroblast transition (MMT), which is a newly discovered type of cell transformation, is another possible origin of tissue myofibroblasts. Cell lineage analysis showed that MMT may be important in renal fibrosis and may be a new therapeutic target for CKD (5, 6).

Aldosterone is associated with inflammation, fibrosis, vascular damage, and end-stage organ failure (7). In vivo and in vitro results suggest the detrimental roles of aldosterone (ALD) and its receptor, which contribute to the development of renal injury and fibrosis (8). In a previous study, we observed severe interstitial fibrosis in the contralateral kidney in a 6-month unilateral ureteral obstruction (UUO) rat model, which was accompanied by increased macrophage infiltration and phenotypic transformation; after treatment with the mineralocorticoid receptor (MR) antagonist eplerenone, these effects were reduced (9). In particular, our group reported elevated plasma levels of aldosterone in UUO animals (10). Therefore, we hypothesized that this effect was closely related to MR activation induced by the increased aldosterone level.

In this study, there were three questions to be answered. 1) Can aldosterone induce MMT? 2) Which subtype of macrophage is transformed? 3) How does aldosterone work? Here we used uninephrectomy (UNX) plus continuous aldosterone infusion mouse model to examine the role of MR in MMT and RIF and provide new insights into the mechanisms of aldosterone-induced chronic renal fibrosis.



2 Results


2.1 Esaxerenone reversed hypertension and renal fibrosis in mice treated with aldosterone

Aldosterone-induced organ injuries were associated with inflammation. We confirmed these changes in mice with uninephrectomy and continuous aldosterone infusion with a mini-osmotic pump. As shown in Figure 1A, increased inflammatory cell infiltration and renal tubular damage were observed in the ALD group. Masson and Sirius red staining demonstrated that there was more collagen deposition in the ALD group than in the CON group and UNX group; additionally, no apparent difference was observed between the CON and UNX groups (Figures 1A–C). To determine whether aldosterone could cause kidney injury, we calculated the endogenous creatinine clearance (Ccr) rate and urine microalbumin to urinary creatinine ratio (ACR) to determine kidney function in mice. As shown in Figure 1D, the ACR level in the ALD group was higher and the Ccr was lower than that in the CON group. Similarly, there was no significant difference in the ACR and Ccr between the CON group and the UNX group. These effects were inhibited by a specific MR blocker (11, 12) in the esaxerenone-treated (ESA) group (Figures 1A–D). The systolic pressure in the ALD group mice started to increase in the third week, which was significantly different from that in the CON group, while esaxerenone antagonized the increase in systolic pressure, and the systolic pressure in the UNX group only increased in the sixth week compared with that in the CON group (Figure 1E). These data suggested that aldosterone could induce high blood pressure, renal injury and fibrosis, and these effects were reversed by esaxerenone.




Figure 1 | Changes in renal histology, fibrosis, and kidney function were reversed by ESA in UNX+ALD-infused mice. Kidney sections from the groups were stained with H&E to examine morphological changes and inflammatory cell infiltration (A), Sirius red was used to examine collagen deposition (B), and Masson was used to examine fibrosis (C) (n = 6). (D) ACR and Ccr were evaluated to determine renal function (n = 6). (E) Measurement of SBP (n = 10). The data are presented as the mean ± SD, *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. ESA, esaxerenone; UNX, uninephrectomy; ALD, aldosterone; ACR, urine microalbumin to urinary creatinine ratio; Ccr, creatinine clearance; SBP, systolic blood pressure.





2.2 Esaxerenone inhibited the aldosterone-induced infiltration of macrophages in the kidney

We used F4/80 and CD68 to identify macrophages and observed significant macrophage infiltration in the renal interstitium in the ALD group and that esaxerenone inhibited macrophage infiltration (Figure 2A). To investigate the reasons for this increase in macrophages, we first measured MCP-1 expression, which was upregulated in the ALD group, suggesting that ALD may promote macrophage migration and accumulation in the renal interstitium via MCP-1 (Figure 2B). In addition, we examined proliferative cells by staining mouse kidneys with Ki-67. The results showed increased positive expression of Ki-67 in renal tubular cells and renal interstitial inflammatory cells in the kidneys from the ALD group compared with the CON group (Supplementary Figure 1). Then, we observed macrophage proliferation in mouse kidneys by immunofluorescence costaining with the macrophage marker F4/80 and the proliferation marker Ki-67 and found several Ki-67+ macrophages (F4/80+-Ki-67+ cells) in the ALD group (Supplementary Figure 2). Furthermore, to avoid the impact on blood pressure, we used RAW264.7 cells and examined cell proliferation. We used a Cell Counting Kit-8 (CCK8) assay and found that macrophage proliferation in the ALD group was significantly higher than that in the CON group, which suggested that ALD-induced macrophage proliferation may be one of the reasons for the accumulation of macrophages in the renal interstitium in vivo (Figure 2D). The ESA group exhibited reduced MCP-1 expression in vivo and macrophage proliferation in vitro. These results suggested that MR activation increased macrophage infiltration by upregulating MCP-1 expression and promoting macrophage proliferation.




Figure 2 | ESA antagonized the increased infiltration of macrophages and myofibroblasts. (A) Immunohistochemical staining using antibodies against CD68 and F4/80 to examine renal infiltration of macrophages (n = 6). (B) Immunohistochemical staining using antibodies against MCP-1 to examine the migration and infiltration of macrophages (n = 6). (C) Immunohistochemical staining using antibodies against α-SMA and vimentin to examine renal infiltration of myofibroblasts (n = 6). (D) CCK8 assays measured ALD-induced proliferation of RAW264.7 cells (n = 12). The data are presented as the mean ± SD, *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. ESA, esaxerenone; CCK8, Cell Counting Kit-8; ALD, aldosterone.





2.3 Esaxerenone alleviated aldosterone-induced macrophage-to-myofibroblast transition in vivo and in vitro

Myofibroblasts were evaluated by immunohistochemical staining with antibodies against α-SMA and vimentin, which are specific markers used to identify myofibroblasts. Myofibroblasts accumulated in the renal interstitium in the ALD group, and this accumulation was reversed in the ESA group (Figure 2C).

MMT was evaluated by costaining the kidney with antibodies against α-SMA and the macrophage marker F4/80. As expected, the number of α-SMA and F4/80 double-positive cells in the ALD group was higher than that in the CON group, and this effect was reduced in the ESA group (Figure 3A). Furthermore, we costained CD68 and α-SMA with collagen I and found that cells expressing both CD68 and α-SMA also expressed collagen I, which suggested that the phenotypically transformed macrophages secreted collagen components and participated in fibrosis (Figure 3B). The same result was found in the extracted RAW264.7 and bone marrow-derived monocytes/macrophages (BMDMs) protein in vitro. The expression of collagen I in the ALD group was higher than that in the CON group, and it was inhibited by ESA (Figures 4C, D).




Figure 3 | MMT in UNX+ALD-infused mice. (A) Immunofluorescence staining of kidney sections with antibodies against the macrophage marker F4/80 (FITC, green) and the myofibroblast marker α-SMA (TRITC, red) to identify MMT (cells co-expressing both markers indicate MMT; nuclei were stained with DAPI in blue). (B) Immunofluorescence staining of kidney sections with antibodies against CD68 (green), α-SMA (red), and collagen I (blue). The data are presented as the mean ± SD (n = 6), *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. MMT, macrophage-to-myofibroblast transition; UNX, uninephrectomy; ALD, aldosterone; FITC, fluorescein isothiocyanate.






Figure 4 | ESA antagonized MMT in ALD-treated BMDMs and RAW264.7 cells. (A) Flow cytometric analysis of the expression of α-SMA in BMDMs, and Q2 shows the percentage of MMT cells that were α-SMA+ and F4/80+ (n = 3). (B) Flow cytometric analysis of the expression of α-SMA in RAW264.7 cells, and Q2 indicates the percentage of MMT cells that were α-SMA+ and F4/80+ (n = 3). (C) Western blotting analysis of α-SMA, vimentin, and collagen I in BMDMs (n = 6). (D) Western blotting analysis of α-SMA, vimentin, and collagen I in RAW264.7 cells (n = 6). (E) The mRNA expression of α-SMA and vimentin in BMDMs (n = 6). (F) The mRNA expression of α-SMA and vimentin in RAW264.7 cells (n = 6). The data are presented as the mean ± SD, *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. ESA, esaxerenone; MMT, macrophage-to-myofibroblast transition; ALD, aldosterone; BMDMs, bone marrow-derived monocytes/macrophages.



Subsequently, the in vivo findings were confirmed in an in vitro experiment with BMDMs and RAW264.7 cells treated with ALD. The results of two-color flow cytometry showed that the co-expression of F4/80 and α-SMA in the ALD group was significantly higher than that in the CON group and that esaxerenone inhibited the expression of α-SMA (Figures 4A, B). Accordingly, we extracted protein and mRNA from RAW264.7 cells and BMDMs treated with ALD and esaxerenone and found that the expression of α-SMA and vimentin in the ALD group was upregulated, and this effect was reversed in the ESA group (Figures 4C–F).

To further investigate which subtype of macrophage was the main participant in MMT, we conducted the following experiments. First, we performed an immunohistological study by costaining kidney sections with F4/80, α-SMA, and iNOS (an M1 macrophage marker) or CD206 (an M2 macrophage marker) and found that the expression of iNOS was higher than that of CD206 in MMT cells (Figure 5A). In addition, BMDMs were examined by three-color flow cytometry. After typical gating, MMT cells were identified by the expression of F4/80 and α-SMA, and then the ratio of M1 and M2 cells was determined in the F4/80+α-SMA+ population. After stimulation with ALD, the proportion of M1 macrophages was 72.33% ± 6.43%, and that of M2 macrophages was 20.60% ± 1.75% among BMDMs (Figure 5B). These results indicated that F4/80+α-SMA+ cells expressed increased iNOS, suggesting that M1 macrophages were transformed into myofibroblasts.




Figure 5 | M1 macrophages were the major subtype associated with MMT in the kidneys of UNX+ALD-infused mice and ALD-treated BMDMs. (A) Fluorescence costaining of F4/80 (green) and α-SMA (red) with the M1 macrophage marker iNOS (blue) or the M2 macrophage marker CD206 (blue). (B) Flow cytometric analysis of the expression of F4/80, α-SMA, and iNOS or CD206 in ALD-treated BMDMs. The data are presented as the mean ± SD, *p < 0.05 vs. iNOS. MMT, macrophage-to-myofibroblast transition; UNX, uninephrectomy; ALD, aldosterone; BMDMs, bone marrow-derived monocytes/macrophages.





2.4 Aldosterone induced renal fibrosis and macrophage-to-myofibroblast transition by activating mineralocorticoid receptor in vitro

To investigate the role of MR in these outcomes, we first examined the localization of the MR marker NR3C2 to confirm the activation of MR. NR3C2 was mainly observed in the cytoplasm in the CON group, while in the ALD group, NR3C2 was transferred to the nucleus in RAW264.7 cells (Figure 6A). The Western blotting results showed that there was no difference in total MR expression among the CON, ALD, and ESA groups; however, the expression of MR in the nucleus was significantly different, and the expression of MR in the ALD group was higher than that in the CON group, while esaxerenone antagonized the nuclear accumulation of MR (Figure 6B).




Figure 6 | Effects of ALD and ESA on the expression of MR and its downstream molecule TGF-β1. (A) Immunofluorescence staining of kidney sections with antibodies against the MR marker NR3C2 (red) and DAPI (blue) to examine the nuclear translocation of MR. (B) Western blotting analysis of MR in total and nuclear protein fractions and its downstream molecule TGF-β1 in the total protein of RAW264.7 cells. The data are presented as the mean ± SD (n = 6), *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. ALD, aldosterone; ESA, esaxerenone; MR, mineralocorticoid receptor.



Additionally, we found increased expression of TGF-β1, one of the downstream molecules of MR, in the ALD group (Figure 6B). To further investigate whether TGF-β1 plays an important role in MMT, we cultured RAW264.7 cells with TGF-β1 (10 ng/ml) for 24 h and found that the expression of α-SMA was upregulated (Figure 7A). The addition of the TGF-β1 receptor blocker LY2109761 inhibited the transition of macrophages into myofibroblasts (Figures 7A, B). Moreover, the expression of α-SMA in the ALD+LY2109761 group was lower than that in the ALD group, which indicated that the TGF-β1 inhibitor could antagonize ALD-induced MMT (Figures 8A, B). These results suggest that the MR/TGF-β1 pathway is involved in MMT and plays a regulatory role.




Figure 7 | The TGF-β1 receptor blocker LY2109761 antagonized MMT in TGF-β1-treated RAW264.7 cells. (A) Flow cytometric analysis of the expression of α-SMA in RAW264.7 cells, and Q2 indicates the percentage of MMT cells (n = 3). (B) Western blotting analysis of α-SMA and vimentin expression in RAW264.7 cells stimulated with TGF-β1 and treated with or without LY2109761 (n = 6). The data are presented as the mean ± SD, *p < 0.05 vs. CON, #p < 0.05 vs. TGF-β1. MMT, macrophage-to-myofibroblast transition.






Figure 8 | The TGF-β1 receptor blocker LY2109761 antagonized ALD-treated MMT in RAW264.7 cells. (A) Flow cytometric analysis of the expression of α-SMA in RAW264.7 cells, and Q2 indicates the percentage of MMT cells (n = 3). (B) Western blotting analysis of α-SMA and vimentin expression in ALD-treated RAW264.7 cells (n = 6). The data are presented as the mean ± SD, *p < 0.05 vs. the CON group, #p < 0.05 vs. the ALD group. ALD, aldosterone; MMT, macrophage-to-myofibroblast transition.






3 Discussion

Renal fibrosis is the inevitable pathway of the progression of CKD to ESRD, which manifests as progressive glomerulosclerosis, RIF, and other pathological conditions. In previous studies, we used the 6-month rat UUO model and found an increase in plasma ALD level and fibrotic changes in the contralateral kidney, and we further reported that MMT induced renal fibrosis (9, 10, 13). We hypothesized that UUO increased plasma ALD levels, activated MR, and induced MMT to promote renal fibrosis. There is evidence that a high-salt diet and unilateral nephrectomy can accelerate ALD-induced kidney injury (14, 15). Therefore, based on previous findings, we used a 6-week uninephrectomy plus ALD-infused mouse model and cell culture and further investigated the mechanism of ALD-induced MMT in renal fibrosis. In the current study, renal function and renal pathology in the UNX group showed no significant changes compared with those in the CON group, which suggested that 6-week uninephrectomy did not cause renal injury in mice. In contrast, when UNX mice were treated with ALD, apparent renal fibrosis and kidney injury were observed. Esaxerenone reversed the effects of exogenous ALD; however, blood pressure was also reduced in vivo in the study. To investigate the role of MR independent of the effect on blood pressure, we treated cells with ALD and studied the activation of MR, transition of cell phenotype, and the signal transduction of MR. We showed that ALD activated MR and TGF-β1 and further induced M1 prominent macrophage transition and MMT to cause fibrotic changes in the kidney.

First, ALD induces inflammation and the production of inflammatory mediators that recruit immune cells, leading to local inflammation and characteristic tissue changes and fibrosis (7, 16). CKD, however, can be considered a state of relative aldosteronism. In human clinical studies, elevated plasma ALD levels are a risk factor for kidney injury (17). In our study, we continuously infused ALD to mimic the clinical condition of CKD patients with renal injury, and we observed changes in renal pathology, deterioration of renal function, and an increase in blood pressure in model mice.

Many studies have consistently shown that ALD can activate innate and adaptive immune cells, such as macrophages and T cells, which contribute to end-organ damage in cardiovascular and metabolic diseases (16). Macrophages have important effects on kidney injury, inflammation, and fibrosis and are pleiotropic inflammatory cells involved in inflammatory responses (18). In our study, ALD prompted increased infiltration of inflammatory macrophages in the renal interstitium, and Masson and Sirius red staining showed collagen accumulation in the ALD group; after ALD was blocked with esaxerenone, the infiltration of inflammatory cells and the degree of fibrosis were alleviated. Moreover, we found that ALD induced the high expression of MCP-1 in mice, which is one of the key chemokines that regulate the migration and infiltration of monocytes/macrophages (19) and RAW264.7 macrophage cell line proliferation. We also found a few Ki-67+ macrophages in the kidney of aldosterone-treated mice (Supplementary Figures 2, 3). Functional macrophages in tissues or organs are generally considered to be recruited from the blood or resident in tissues. It is interesting to note that several studies have recently demonstrated in situ proliferation of macrophages (20–23). However, the mechanism of tissue macrophage proliferation in ALD-infused mice needs to be investigated more deeply. We believe that the degree of fibrosis is closely related to the infiltration of macrophages in the renal interstitium. Our experimental results were similar to clinical studies that showed obvious macrophage infiltration in the biopsy tissue of CKD patients, which manifested as fibrosis (24), and macrophage infiltration in renal biopsies from patients was inversely associated with interstitial fibrosis and prognosis (25).

Myofibroblasts drive tissue fibrosis, and macrophages not only secrete factors associated with the generation, survival, and proliferation of myofibroblasts (26) but also transition to myofibroblasts (5, 6). Thus, this study provided direct evidence for ALD-induced MMT in vivo and in vitro. In particular, the ratio of F4/80 and α-SMA expression in ALD-treated BMDMs and RAW264.7 cells was significantly increased. In addition, immunofluorescence triple staining with CD68, α-SMA, and collagen I in vivo, together with extraction of RAW264.7 and BMDM protein in vitro, revealed that aldosterone induced an increase in collagen I secretion. Accordingly, we suggested that some of the macrophages are involved in renal fibrosis through transformation.

Moreover, in this study, BMDMs were stimulated with ALD for 24 h, and the proportion of iNOS+ cells among F4/80+-α-SMA+ cells undergoing MMT was higher than that of CD206+ cells. These findings suggest that MMT cells, which are phenotypically transformed macrophages, were dominated by M1-type macrophages. The heterogeneity of macrophage polarization has been recognized as an important feature of renal disease (27), and these cells can initially be classified as the classically activated M1 type or alternately activated M2 type. M1 macrophages can release proinflammatory chemokines and have proinflammatory functions, while M2 macrophages are associated with immune regulation and tissue remodeling, and these cells play an important role in inhibiting inflammation and tissue repair. In previous MMT studies, the macrophages involved in phenotypic transformation were mostly the M2 type, probably because M2 macrophages produce a large amount of profibrotic factors that promote myofibroblast proliferation, survival, and activation, as well as ECM overproduction (28, 29). However, among the transformed macrophages in this study, M1 macrophages were predominant, and we hypothesized that this effect may be related to the proinflammatory effect of ALD. Following kidney injury, locally produced chemokines induce the infiltration of neutrophils and naive monocytes, which differentiate into phagocytic macrophages and then polarize into different subtypes depending on the immune microenvironment (30). Our model was treated with ALD, which increases proinflammatory factors and may promote polarization toward the proinflammatory M1 phenotype. In a previous study, we also found that MMT macrophages were predominantly the M1 type under hypoxic conditions, which might be associated with the early stages of renal injury (31). Some studies also suggest that ALD induces M1 polarization in macrophages ( (32–34).

As a downstream substrate of MR, TGF-β1 can rapidly induce profibrotic effects through mRNA and protein expression (35). TGF-β1 is produced by various cells, including epithelial cells, macrophages, and myofibroblasts, and has many cellular targets that are upregulated in all forms of CKD and fibrosis in other organs and are important drivers of ECM production (26, 36). TGF-β also induces the expression of MCP-1 in tubular epithelial cells and may promote monocyte recruitment and macrophage accumulation (37). This may be one of the reasons for macrophage accumulation in ALD-treated mice. ALD increased the mRNA expression of TGF-β1 and collagen and eventually led to fibrosis in uninephrectomied rats in the presence of AT1 receptor blockade, which suggests that ALD acts independently of angiotensin II in renal fibrosis through the TGF-β1 signaling pathway (38). Another study showed that BMDMs is an important source of α-SMA+ myofibroblasts that accumulate in active fibrotic lesions in experimental kidney disease through MMT. This process is mediated by the TGF-β/Smad3 signaling pathway (6). In vitro, ALD activated MR and then increased the expression of TGF-β1. The TGF-β1 receptor blocker LY2109761 alleviated MMT induced by both TGF-β1 and ALD, which indicated that ALD could induce MMT and participate in renal fibrosis through the TGF-β1 signaling pathway.

This experiment focuses on the role of the genomic effects of aldosterone in the phenotypic transformation of macrophages. Although we have not yet verified the role of the non-genetic effect of aldosterone in MMT, genomic and non-genomic effects interact, and it is reported that the non-genomic effects of aldosterone are involved in the polarization of macrophages through MAPK and PKC activation (39, 40). Both proinflammatory factors, such as TNF-α secreted by M1 macrophages, and profibrotic factors, such as TGF-β secreted by M2 macrophages, through autocrine or paracrine signaling may have an impact on the phenotypic transformation of macrophages, so non-genomic effects may also play a role in MMT. We also found that the serum potassium levels of the aldosterone-infused mice were lower than those of the CON group (Supplementary Figure 3). Hypokalemia is involved in renal macrophage infiltration (41) and promotes MR activation (42); however, the role of hypokalemia on MMT needs to be furtherly investigated.

In conclusion, we performed in vitro and in vivo experiments and showed that ALD-mediated MR activation upregulated the expression of TGF-β1 and induced the transformation of macrophages, especially M1 macrophages, to myofibroblasts to participate in renal fibrosis, and the MR blocker esaxerenone antagonized these effects. The ALD/MR/TGF-β1 signaling pathway induces MMT and is involved in renal fibrosis. These findings suggest that targeting the aldosterone pathway may be an effective therapeutic strategy for renal fibrosis.



4 Materials and methods


4.1 Animals and experimental models

All experiments were carried out in accordance with recommendations for the Care and Use of Laboratory Animals in the National Institutes of Health Guidelines. Animal care followed the criteria of the Ethics Committee on Animal Experimentation of the Hebei University of Chinese Medicine. All efforts were made to minimize pain and distress to the animals.

Forty 6- to 8-week-old male (24.65 ± 1.12 g) SPF C57BL/6 mice (Charles River, Beijing, China) were maintained with standard mouse chow and tap water at room temperature under a 12-h light/12-h dark cycle. Forty mice were randomly assigned to the CON group, UNX group (uninephrectomy), ALD group (uninephrectomy+ALD infusion with mini-osmotic pump), and ESA group (uninephrectomy+ALD infusion with mini-osmotic pump+esaxerenone) (n = 10 each). Surgery was performed after 1 week of adaptive feeding. Left nephrectomy was performed in the UNX group. ALD (CAS NO.: 52-39-1, Cayman Chemical, Ann Arbor, MI, USA) infusion with a mini-osmotic pump (0.75 μg/h, ALZET model 2006, DURECT Corporation, Cupertino, CA, USA) was performed 1 week after left nephrectomy in the ALD group and ESA group. Esaxerenone (kindly provided by Daiichi Sankyo Co., Ltd., Tokyo, Japan) was administered to the ESA group via diet at a dose of 1 mg/kg diet for 6 weeks, and the other groups were fed regular chow. Six weeks after surgery, all animals were euthanized, and blood and right kidney tissue samples were collected.



4.2 Blood pressure and biochemical parameter analysis

After surgery, systolic blood pressure (SBP) was measured weekly in conscious animals by the tail-cuff method (BP-2000, Visitech Systems, Apex, NC, USA). Two days before the end of the experiment, random urine and 24-urine samples were collected, and the urine volume was recorded. Random urine was collected to measure urine creatinine (UCr) and microalbuminuria (mALB). After 6 weeks, blood samples were drawn to measure serum creatinine (SCr). UCr and SCr were measured by commercial kits (Beckman Coulter Experiment System Co., Ltd., Suzhou, China, No. AUZ3562). mALB was measured by commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China, No. E038-1-1). Based on these data, the urine microalbumin/urine creatinine ratio (ACR) and Ccr were calculated (43). Serum potassium ions level was measured by protein hydrolysis enzyme method using a potassium assay kit (Changchun Huili Biotech Co., Ltd., Changchun China, No. K060).



4.3 Histological analysis, immunohistochemistry, and immunofluorescence analysis

The kidneys were dehydrated with alcohol and embedded in paraffin blocks after being fixed overnight in 4% paraformaldehyde (PFA). Paraffin blocks were cut into 6-μm sections for H&E, Masson, and Sirius red staining and immunohistochemical analysis of F4/80 (1:200, Invitrogen, Carlsbad, CA, USA, Cat#: PA5-21399), CD68 (1:200, Abcam, Cambridge, UK, Cat#: ab955), α-SMA (1:200, ABclonal, Woburn, USA, Cat#: A17910), vimentin (1:200, Abcam, Cat#: ab8978), MCP-1 (1:100, Proteintech, Chicago, IL, USA, Cat#: 66272-1-Ig), and anti-Ki-67 (1:100, Abcam, Cat#: ab15580). Images were observed and imaged using a Leica BX53 optical microscope (Leica, Wetzlar, Germany).

H&E staining (inflammatory cell infiltration and tubulointerstitial changes) was semiquantitatively graded in a blinded manner by two investigators. The two items were scored as 0, 1, 2, and 3 (normal, minor, moderate, and severe, respectively), and the total score was 0–6 (9). A semiquantitative analysis of Masson staining and Sirius red staining was performed according to the percentage of the collagen-positive area. Image analyses were performed using ImageJ 6.0 software (US National Institutes of Health, Bethesda, MD, USA).



4.4 Immunofluorescence analysis

For fluorescence staining, kidneys were irrigated with 4% PFA, dehydrated in 30% sucrose, and frozen in OCT compound (Sakura, Torrance, CA, USA). 6µm kidney sections were cut using a freezing microtome and prepared for staining with Alexa Fluor 555-conjugated α-SMA (1:500, Abcam, Cat#: ab202509) or the following unconjugated antibodies: anti-collagen I (1:50, Abcam, Cat#: ab270993), anti-Ki-67 (1:100, Abcam, Cat#: ab15580), anti-F4/80 (1:200, Abcam, Cat#: ab186073), anti-iNOS (1:50, Novus, Cat#: NB300-605), and anti-CD206 (1:50, Abcam, Cat#: ab64693). Then the sections were subjected to second or third fluorescence staining. After being stained, sections were incubated with or without DAPI for nuclear staining and sealed for photography using a confocal microscope (CTS SP8, Leica, Germany).



4.5 Protein extraction and Western blotting analysis

RAW264.7 cell and BMDM lysates were extracted with radioimmunoprecipitation assay (RIPA) lysis buffer (BestBio, Shanghai, China, Cat#: BB-3201) for total protein isolation and a Nuclear Protein Extraction Kit (Solarbio, Beijing, China, Cat#: R0050) for nuclear protein isolation according to the protocol recommended by the manufacturers. Western blotting was performed using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and polyvinylidene difluoride (PVDF) membranes. After being blocked with 5% non-fat milk, the membranes were incubated with primary antibodies against collagen I (1:50, Abcam, Cat#: ab270993), NR3C2 (1:1,000, Proteintech, Cat#: 21854-1-AP), TGF-β1 (1:1,000, Abcam, Cat#: ab215715), α-SMA (1:1,000, ABclonal, Cat#: A17910), and vimentin (1:1,000, Abcam, Cat#: ab8978) overnight at 4°C. The next day, the blots were incubated with fluorescein-conjugated secondary antibodies at 1:10,000–1:20,000 for 1 h at room temperature and scanned with a Dual Color Infrared Laser Imaging Scanner (Odyssey, LICOR, Lincoln, NE, USA). Protein expression was measured with ImageJ by quantifying the density of the target total protein relative to GAPDH (1:1,000, Proteintech, Cat#: 60004-1-lg), beta-tubulin (1:1,000, Affinity, Cat#: T0023), or the target nucleoprotein relative to proliferating cell nuclear antigen (PCNA) (1:1,000, Proteintech, Cat#: 10205-2-AP).



4.6 Reverse transcription and quantitative real-time PCR

Total RNA was isolated from RAW264.7 cells and BMDMs using the EZNA Total RNA Kit II (Omega, Bio-Tek, Norcross GA, USA, Cat#: R6934-01). MonScript RTIII All-in-One Mix with dsDNase (Monad Biotech Co., Ltd, Shanghai, China, Cat#: MR05101 M) was used to reverse transcribe the RNA, and real-time PCR was performed using MonAmp ChemoHS qPCR Mix (Monad Biotech Co., Ltd, Shanghai, China, Cat#: MQ00401S) on an Mx3005p real-time PCR instrument. For real-time PCR, sequence-specific primers for vimentin, α-SMA, and GAPDH were as follows: vimentin: forward 5′-GCAGTATGAAAGCGTGGCTG-3′, reverse 5′-CTCCAGGGACTCGTTAGTGC-3′; α-SMA: forward 5′-TCAGGGAGTAATGGTTGGAATG-3′, reverse 5′-CCAGAGTCCAGCACAATACCAG-3′; GAPDH: forward 5′-CCTCGTCCCGTAGACAAAATG-3′, reverse 5′-TGAGGTCAATGAAGGGGTCGT-3′. The mRNA levels of α-SMA, vimentin, and GAPDH were used as housekeeping genes for normalization and were calculated using the 2−ΔΔCT method.



4.7 In vitro cell culture assays

RAW264.7 cells (Procell Life Science and Technology Co., Ltd., Wuhan, China, Cat#: CL-0190) were maintained in culture media with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin and streptomycin at 37°C in an incubator with a humidified atmosphere and 5% CO2. Fresh bone marrow cells (BMDMs) were harvested from C57BL/6 mice and were maintained in 1640 culture media with 30 ng/ml of macrophage colony-stimulating factor (M-CSF) (MCE, Shanghai, China, Cat#: HY-P7085) and 10% heat-inactivated FBS and 1% penicillin and streptomycin for 7 days (half fresh media was added on day 3, and sufficient fresh media was added on day 5) in an incubator under the same conditions as RAW264.7 cells. After 7 days, the cells were used for experiments. RAW264.7 cells and BMDMs were divided into the CON group, ALD group (10−7 mol/L ALD was administered for 24 h), and ESA group (cells were pretreated with 10−6 mol/L of esaxerenone 2 h prior to ALD treatment). In some experiments, RAW264.7 cells were induced with 10 ng/ml of TGF-β1 (MCE, Shanghai, China, Cat#: HY-P70543) and treated with or without the TGF-β1 receptor blocker LY2109761 (2 × 10−6 mol/L) (MCE, Shanghai, China, Cat#: HY-12075), and RAW264.7 cells were treated with LY2109761 after being induced with ALD.


4.7.1 Flow cytometry

Twenty-four hours after treatment, RAW264.7 cells and BMDMs were harvested and stained with fluorescein isothiocyanate (FITC)-conjugated anti-F4/80 (1:100, Invitrogen, Cat#: 11-4801-82), APC-conjugated anti-α-SMA (1:1,000, Abcam, Cat#: ab202296) and anti-CD206 (1:100, Abcam, Cat#: ab64693) or iNOS (1:100, Abcam, Cat#: ab15323) for 1 h, and then the secondary antibody goat anti-rabbit IgG H&L (PE) was preabsorbed (1:500, Abcam, Cat#: ab72465) for 1 h in the dark. Unstained cells were used as negative controls. Cells were analyzed on a BD FACSAria II flow cytometer (BD Biosciences, Franklin Lake, NJ, USA), viable singlet cells were selected by FSC/SSC gating, and data were further analyzed by FlowJo 10 software.



4.7.2 Cell counting kit-8

A CCK8 (MCE, Shanghai, China, Cat#: HY-K0301) assay was conducted in accordance with the manufacturer’s instructions. In brief, RAW264.7 cells were seeded at a density of 106 cells/well in a 96-well plate and divided into the CON, ALD, and ESA groups. Twenty-four hours after treatment, 10 μl of CCK8 solution was added to each well and incubated for 2 h. The absorbance at 470 nm was evaluated using a VersaMax Microplate reader (Molecular Devices, Sunnyvale, CA, USA).



4.7.3 Immunofluorescence cell staining

The dried and sterilized glass slides were placed on a 24-well petri dish, the cells were spread evenly on the glass slides in the wells, and 4% PFA was added and incubated for 20 min at room temperature. Then 0.25% Triton X-100 was added and incubated for 15 min for permeabilization, and 10% normal goat serum was added and incubated for 30 min for blocking. Subsequently, the cells were incubated with the primary antibody NR3C2 (1:100, Abcam, Cat#: ab64457) overnight at 4°C, followed by the relevant secondary antibody at 37°C in the dark for 1 h for fluorescence staining. DAPI was used for nuclear staining. If needed, the other antibodies were incubated for multiple staining.




4.8 Statistical analysis

Statistical analysis was performed using SPSS version 24.0 software (IBM, Armonk, NY, USA). All data were analyzed using a one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test for multiple groups and the independent sample t-test for two groups. The data are expressed as the mean ± SD, and a p-value <0.05 was considered statistically significant.
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Supplementary Figure 1 | ESA inhibited aldosterone-induced cell proliferation in mice. Immunohistochemical staining using antibodies against Ki-67 to examine cell proliferation (n=6). The data are presented as the mean ± SD, *p < 0.05 vs. CON, #p < 0.05 vs. ALD.

Supplementary Figure 2 | Macrophage proliferation in the kidneys of UNX + ALD-infused mice. Immunofluorescent staining of kidney sections with antibodies against the macrophage marker F4/80 (FITC, green) and the proliferating cell nuclear antigen marker Ki-67 (TRITC, red) to identify proliferating macrophages, and nuclei were stained with DAPI in blue.

Supplementary Figure 3 | The reduction of serum K+ level in UNX + ALD-infused mice. Serum K+ level was measured by protein hydrolysis enzyme method. The data are presented as the mean ± SD, *p < 0.05 vs. CON, #p < 0.05 vs. ALD.
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Focal segmental glomerulosclerosis (FSGS) has an over 30% risk of recurrence after kidney transplantation (Ktx) and is associated with an extremely high risk of graft loss. However, mechanisms remain largely unclear. Thus, this study identifies novel genes related to the recurrence of FSGS (rFSGS). Whole genome-wide sequencing and next-generation RNA sequencing were used to identify the candidate mutant genes associated with rFSGS in peripheral blood mononuclear cells (PBMCs) from patients with biopsy-confirmed rFSGS after KTx. To confirm the functional role of the identified gene with the MDH2 c.26C >T mutation, a homozygous MDH2 c.26C >T mutation in HMy2.CIR cell line was induced by CRISPR/Cas9 and co-cultured with podocytes, mesangial cells, or HK2 cells, respectively, to detect the potential pathogenicity of the c.26C >T variant in MDH2. A total of 32 nonsynonymous single nucleotide polymorphisms (SNPs) and 610 differentially expressed genes (DEGs) related to rFSGS were identified. DEGs are mainly enriched in the immune and metabolomic-related pathways. A variant in MDH2, c.26C >T, was found in all patients with rFSGS, which was also accompanied by lower levels of mRNA expression in PBMCs from relapsed patients compared with patients with remission after KTx. Functionally, co-cultures of HMy2.CIR cells overexpressing the mutant MDH2 significantly inhibited the expression of synaptopodin, podocin, and F-actin by podocytes compared with those co-cultured with WT HMy2.CIR cells or podocytes alone. We identified that MDH2 is a novel rFSGS susceptibility gene in patients with recurrence of FSGS after KTx. Mutation of the MDH2 c.26C >T variant may contribute to progressive podocyte injury in rFSGS patients.
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Introduction

Idiopathic FSGS is the most common cause of nephrotic syndrome in which approximately 50% of patients progress to end-stage renal disease and require dialysis or kidney transplantation (KTx) within 10–20 years (1, 2). Unfortunately, in FSGS patients receiving KTx, more than 30% of cases experience recurrence of FSGS (rFSGS) with poor allograft survival and loss of re-transplantation opportunity due to the high risk of rFSGS (3–5). Several major risk factors for recurrence include younger age at diagnosis, rapid progression to end-stage renal disease, being of whiteethnicity, the loss of previous allografts due to recurrence, heavy proteinuria before the transplant, and receiving pretransplant bilateral nephrectomy (6). The most widely accepted mechanism of rFSGS after KTx involves a circulating factor. The most supportive of this theory is a rare and striking case. In that case, proteinuria rapidly developed after the kidney was transplanted into a recipient with primary FSGS. A kidney graft biopsy showed podocyte foot process effacement. Then, the doctors removed the transplanted kidney on day 14 and transplanted it into another patient with end-stage renal disease due to diabetes. Strikingly, the allografted kidney functioned well and no proteinuria was observed (7). There are many circulating factors associated with rFSGS, including soluble urokinase-type plasminogen activator receptors (8–10), cardiotrophin-like cytokine factor-1 (11), apolipoprotein A-I (12, 13), and CD40-CD40L (10, 14, 15). The release of permeability factors is potentially related to disordered circulating PBMCs (16–19). However, whether genetic variants or mutations contribute to the development of rFSGS remains unexplored.

Increasing evidence shows that integrated DNA and RNA profiling is a useful technique for genomics research to uncover the molecular mechanisms of disease and to explore the link between genotype and phenotype. RNA sequencing data can provide an orthogonal verification of DNA variant calls and can be used to prioritize expressed candidates, which are more likely to exert biological effects (20). In this study, we used high-throughput sequencing of both DNA and RNA from FSGS patients accompanied by rFSGS or remission after KTx and healthy controls (HCs) to identify genes that are potentially involved in susceptibility to rFSGS. Additionally, the functional role of the identified gene related to rFSGS was also investigated.



Materials and methods


Clinical sample

Three healthy kidney donors (HC group) and six adult patients with biopsies confirming primary FSGS were enrolled in this study. Of them, three recurred after KTx within one month (RC group) and three had remission for as long as 2 to 5 years (RM group). In those with rFSGS, renal follow-up biopsy was also performed. Peripheral blood from healthy individuals and patients with rFSGS or remission before and after KTx was collected from the Kidney Disease Center, The First Affiliated Hospital of Zhejiang University, China. This study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Zhejiang University and the ethical batch number for it is 2021IIT065. Informed consent was obtained from all individual participants.



Samples collection, DNA, and RNA extraction

PBMCs were isolated from 5 to 10 ml peripheral blood of KTx recipients and healthy individuals by Ficoll–Hypaque density gradient centrifugation at diagnosis of FSGS and stored at −20°C for future use. The genomic DNA was generated using the NEB Next® Ultra DNA Library Prep Kit for Illumina® (NEB, USA). The TRIzol Reagent (Invitrogen) and the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) were used for total RNA extraction. A NanoDrop™ 2000 (Thermo Scientific, Waltham, MA) spectrophotometer was used for a purity check, followed by agarose gel electrophoresis for degradation and contamination monitoring. A total amount of DNA of >700 ng or RNA >1 μg was at least required for library preparation and sequencing.



Library preparation, genome, and transcriptome sequencing

NEBNext adaptor hybridization and electrophoresis were performed to select a specified length of DNA fragment. For RNA extracted, the first and second strand cDNA and NEBNext Adaptor hybridization were performed, successively. A specially designed PCR protocol was used to amplify the tagged DNA and add sequencing indexes. Then, the AMPure XP system (Beckman Coulter, Beverly, USA) was used for fragment purification. A cBot Cluster Generation System using a HiSeq 2500 PE Cluster Kit (Illumina) was used for cluster generation. Finally, the library sequencing was performed by the Illumina Hiseq 2500 platform (Illumina Inc., San Diego, CA, USA). Paired-end reads of 150 bp and 125 bp/150 bp were generated for DNA and RNA sequencing, respectively.



SNPs analysis

We first removed the adapter in all reads and trimmed low-quality bases with a quality score below 20. Then, the clean reads were mapped to the hg19 reference genome by BWA (http://bio-bwa.sourceforge.net/). Picard was used to mark and remove duplicate reads that were generated by PCR-duplication. Per-sample BAM files were preprocessed as described in the GATK Best Practices (https://gatk.broadinstitute.org/hc/en-us). SNPs were called for every sample by the GATK variant discovery pipeline with haplotypeCaller mode. All mutations and variants were annotated according to annovar (http://annovar.openbioinformatics.org/en/latest/) and the annotation refGene in the UCSC Genome Browser. Synonymous and nonsense mutations were excluded using annotation (ANNOVAR/ONCOTATOR/SIFT).



RNA-seq data analysis

RNA sequencing data were analyzed following the protocol reported previously (21). In brief, sequence reads were aligned to the genome using HISAT2 first. Then, Stringtie was used to assemble and quantify expressed genes and transcripts. Then, differential expression analysis was performed by the ballgown package of R software. Transcripts and genes statistically different between groups were identified by stattest using R software. TPM was used for abundance estimates.



Enrichment analysis

Genes and transcripts with p-value <0.05, |log2Fold Change (FC)| >1 were selected as DEGs for further Kegg enrichment analysis by DAVID and GO enrichment analysis by Metascape, two web-based systems that incorporate information from different resources to detect the biological themes out of the candidate genes. Only pathways with Benjamini–Hochberg corrected p-value (PBH) <0.05 were kept as significantly enriched.



Pathway crosstalk analysis

To describe the overlap between any given pair of pathways, two measurements were computed, the Jaccard Coefficient (JC) = (A ∩ B)/(A U B) and the Overlap Coefficient (OC) = (A ∩ B)/min(|A|, |B|), where A and B are the lists of genes included in the two tested pathways (22). To construct the pathway crosstalk, we selected a set of pathways for crosstalk analysis. Only pathways with a PBH value of <0.05 were used. Meanwhile, the pathways containing fewer than three candidate genes were removed because pathways with too few genes may have insufficient biological information. Next, pathway pairs with fewer than two overlapped genes were removed. The overlap of all pathway pairs was then calculated and ranked according to their JC and OC values. The selected pathway crosstalk was visualized with the software Cytoscape.



Western blotting

Cultured cells were lysed in RIPA Lysis Buffer (Beyotime, Shanghai, PR China) with a proteinase inhibitor cocktail, and SDS-PAGE and western blotting were performed. Results were quantified with ImageJ (National Institutes of Health, Bethesda, MD, USA). Antibodies were used to detect MDH2 (ab181873; Abcam, diluted in 1:10,000), α-tubulin (1:2,500, T9026, Sigma), synaptopodin antibody (1:1,000, ab224491, Abcam), and β-actin (1:2,000, sc-69879, Santa). The membranes were washed three times with TBST, incubated with HRP-conjugated secondary antibodies for 1 h at room temperature, visualized using a chemiluminescent substrate (Millipore, Billerica, MA), and finally analyzed using a ChemiDoc MP (Bio-Rad, Hercules, CA, USA).



Metabolite extraction and MS analysis

Frozen cell samples in nitrogen liquid were thawed on ice, then metabolites were extracted and stored at −80°C prior to the LC–MS analysis. Pooled quality control (QC) samples were also prepared by combining 10 μl of each extraction mixture. All samples were analyzed using a TripleTOF 5600 Plus high-resolution tandem mass spectrometer (SCIEX, Warrington, UK) with both positive and negative ion modes. Chromatographic separation was performed using an ultra-performance liquid chromatography (UPLC) system (SCIEX, UK). An ACQUITY UPLC T3 column (100 mm ∗ 2.1 mm, 1.8 μm, Waters, UK) was used for the reversed-phase separation. The TripleTOF 5600 Plus system was used to detect metabolites eluted from the column. The MS data were acquired in the IDA mode. A QC sample was analyzed every 10 samples to evaluate the stability of the LC–MS.



Metabolomics data processing

The acquired LC–MS data pretreatment was performed using XCMS software. Raw data files were converted into mzXML format and then processed using the XCMS, CAMERA, and metaX toolbox included in the R software. Each ion was identified by the comprehensive information of retention time and m/z. The intensity of each peak was preprocessed using metaX. The open-access databases, KEGG and HMDB, were used to annotate the metabolites. Features that were detected in <50% of QC samples or 80% of test samples were removed, and values for missing peaks were extrapolated with the k‐nearest neighbor algorithm. Then, PCA, data normalization, and QC-robust spline batch correction were performed. The P-value was analyzed by Student t‐tests, which were adjusted for multiple tests using an FDR (Benjamini–Hochberg). We also conducted the supervised PLS‐DA using the metaX to variable discriminant profiling statistical method to identify more specific differences between the groups. The VIP cut‐off value of 1.0 was set to select important features.



Cell culture and treatment

Because B cells play an important role in rFSGS (4, 23–27) and HMy2.CIR is a human B lymphoblastoid cell line, to confirm the functional role of the identified gene with the MDH2 c.26C >T mutation, a homozygous MDH2 c.26C >T mutation in HMy2.CIR cell line was induced by CRISPR/Cas9 and co-cultured with podocytes, mesangial cells, or HK2 cells, respectively. Briefly, WT and MDH2 c.26C >T mutant Human HMy2.CIR cells were bought from Cyagen (Guangzhou, China). The HMy2.CIR cells were cultured in IMDM (12440053, Gibco), HK2 cells in DMEM/F12(D8437, Sigma), human mesangial cells (HMC) in DMEM/HG (D6429, Sigma) containing 10% FBS (12103C, Sigma) and 1% penicillin–streptomycin (15070063, Gibco), incubated at 37°C in a humidified atmosphere containing 5% CO2, and routinely passaged every 2 or 3 days. Podocytes were first grown under proliferation-permissive conditions in the presence of 33°C in a humidified atmosphere of 5% CO2. Growth media consists of RPMI 1640 (R8758, Sigma) containing 10% FBS and 1% penicillin-streptomycin supplemented with 100× Insulin-Trans-Sel-G (41400045, Gibco). For differentiation, they were switched to type I collagen-coated (354236, Corning) culture dishes deprived of ITS-G and half FBS for 7–9 days at 37°C. For Western blot, 3 × 104 podocytes, HMC, or HK2 cells were seeded in 6-well plates until 70% converged and then co-cultured with 5 × 104 WT HMy2.CIR or mutant HMy2.CIR cells for 48 h. For immunofluorescence, 104 podocytes or HMC were seeded in 24-well plates until 70% converged and then co-cultured with 104 WT HMy2.CIR or mutant HMy2.CIR cells for 48 h.



Cell cycle arrest

Approximately 2 × 105 serum-starved WT HMy2.CIR or mutant HMy2.CIR cells were washed with phosphate buffer saline before being fixed with 70% cold ethanol and kept at 4°C for 3.5 h. Phosphate buffer saline was used to wash cells again and resuspend cells. Cells were subjected to propidium iodide staining with a Cell Cycle and Apoptosis Analysis Kit (C1052, Beyotime), and the DNA content was measured by a fluorescence-activated cell sorting instrument (BD FACSCanto II) and analyzed by Modfit LT5.0.



Real-time quantitative PCR

Total RNA was extracted from HMC and HK2 cells by Trizol reagent (Invitrogen, USA). cDNA was prepared using the PrimeScriptTM RT reagent Kit with gDNA Eraser (No. RR047A, TaKaRa, Japan) as per the protocol of the manufacturer. Real-Time PCR was run using SYBR Green and CFX96™ Real-Time PCR Detection Systems (Bio-Rad, CA, USA) using the primers in Table S1. The mRNA levels of selected genes were calculated after normalization to GAPDH by using the 2−ΔΔCt method as per the protocol of the manufacturer.



Immunofluorescence assessment of cultured podocytes

Coverslips containing podocytes were fixed with 4% paraformaldehyde for 15 min and blocked in PBS containing 0.1% Triton X-100 and 3% bovine serum albumin(BSA) for 30 min at room temperature prior to incubation with synaptopodin antibody (1:100, sc-21537, Santa), NPHS2 antibody (1:100, ab50339, Abcam), Megsin (1:100, bs-0815R, Bioss) overnight in a humidified chamber at 4°C. Slides were incubated with secondary antibody Alexa Fluor 594-conjugated anti-goat IgG (1:500), Alexa Fluor 594-conjugated anti-rabbit IgG (1:500), and FITC-phalloidin (1:100) (P5282, Sigma) for 1 h at 37°C to stain the cytoskeleton. Sections were then examined by immunofluorescence microscopy (Leica DMLB, Wetzlar, Germany).



Statistical analysis

Results are displayed as means ± SEM. Statistical analysis using Student’s t‐tests was performed with GraphPad Prism 7 (GraphPad Inc, San Diego, CA, USA). p  < 0.05 was considered statistically significant.




Results


Clinical and pathological characteristics of rFSGS patients

A total of six FSGS patients after KTx were enrolled in this study, including three with rFSGS and three with remission. In addition, three healthy kidney donors were also included as a normal control. Graft biopsy was performed in all patients. Clinically, proteinuria recurred in all patients with rFSGS but not in those with remission, which is shown in Table S2. All patients with FSGS showed severe FSGS with extensive tubulointerestial fibrosis as shown in renal biopsied kidneys before KTx (Figure 1). In patients with rFSGS, KTx did not improve renal dysfunction, with similar FSGS pathology found in the grafted kidneys as before KTx (Table S2; Figure 1). In contrast, in patients with FSGS remission, progressive renal injury was largely improved after KTx. During follow-up, these patients did not develop significant edema and proteinuria. All patients declared non-familial FSGS history.




Figure 1 | Representative pathology from FSGS patients before and after KTx by Periodic acid-Schiff staining. Note that focal segmental glomerular sclerosis with fibrosis is apparent in all FSGS patients before KTX and is also found in those with recurrent FSGS patients after KTx. Because KTx largely improved progressive renal injury in those FSGS patients, no renal biopsy was performed in the remission patients after KTx based on the ethical reasons. The healthy control kidneys are obtained from unmatched donor kidneys. Scale bar: 100um. KTx, kidney transplantation.





Identification of candidate SNPs and genes associated with rFSGS

We next performed both whole-genome sequencing and transcriptomic analysis to identify the potential genetic variants responsible for rFSGS. Genome sequences of hg19 were treated as references. Figure 2 showed the number and type of SNPs presented in exons from ≥2 recurrent or remission subjects but absent in any healthy controls. We therefore identified 1,012 and 1,360 somatic SNPs in recurrent or remission subjects, respectively. Of them, 39 and 62 were nonsynonymous SNPs presented in three recurrent or remission patients, respectively. Only nonsynonymous SNP variants presented in all three recurrence patients but in ≤1 remission patient and none of the HCs were regarded as associated with rFSGS after KTx. Thus, a total of 32 nonsynonymous SNP variants mapped to exons across 29 unique genes were selected (Table S3). The pairwise comparison was conducted for the transcriptional patterns of PBMCs from three groups (Figures 3A–C). Approximately 353 DEGs between the recurrence and remission groups (Figure 3D), as well as 300 DEGs between the recurrence group and HCs, excluding those also differentially expressed between remission subjects and HCs (Figures 3D), were deemed as genes related to rFSGS after KT.




Figure 2 | Identification of SNPs related to recurrence of FSGS after kidney transplantation. Bar plot showing summary of different types of SNP variants mapped to exons identified in PBMCs from recurrence (n≥2) and remission (n≥2) subjects excluding those also identified in HCs. RC, recurrence; RM, remission; HC, healthy control.






Figure 3 | Identification of DEGs related to recurrence of FSGS after kidney transplantation.Volcano plot showing DEGs between (A) RC group and RM group; (B) RC group and HC group; (C) RM group and HC group. Each dot represents a gene. Red dots represent up-regulate genes, green dots represent down regulated genes. The numbers marked in the upper left and upper right corner represents the number of DEGs. (D) Venn diagram showing overlap of DEGs identified by pairwise comparison among the three groups. Top 20 enriched (E) Kegg terms and (F) GO terms. RC, recurrence; RM, remission; HC, healthy control.





The immune and metabolic pathways are significantly altered in patients with rFSGS

The functional features of the rFSGS-related genes were examined by Kegg pathway enrichment on DAVID and GO terms enrichment on Metascape. A total of 65 significantly kegg pathways were enriched by DAVID. The top 20 enriched Kegg pathways and GO terms are shown in Figures 3E, F, respectively. Of 65 enriched Kegg pathways, 34 with three or more DEGs overlapping with one another were extracted (Table S4). All the pairs formed by these pathways were utilized to build the pathway crosstalk and were analyzed according to the average scores of coefficients JC and OC. Results shown in Figure 4A revealed the immune-related crosstalk pathways, including MAPK signaling pathways, complement, and coagulation cascades, NF-kappa B signaling pathway, Toll-like receptor signaling pathway, TNF signaling pathway, Wnt signaling pathway, etc., and the metabolism-related crosstalk pathways, such as citrate cycle, pyrimidine metabolism, galactose metabolism, etc. Of note, these immune and metabolism-related pathways were also widely connected to form the signaling pathways network. Among the top 20 enriched GO terms, positive regulation of cytokine production, cell activation, negative regulation of immune system processes, and cellular response to cytokine stimulus are ranked at the top. This is supportive of our hypothesis that circulating factors released by disturbed PBMCs may be causative of rFSGS.




Figure 4 | Crosstalk analysis among significantly enriched pathways suggested homozygous c.26C>T variant in MDH2 as a potential pathogenic mutation. (A) Pathway crosstalk among rFSGS related pathways. Triangular arrow represent SNPs, blue nodes represents pathways involving SNPs, green nodes represent pathways without SNPs involvement. Solid line represents crosstalk between each pair, Edge-width corresponds to the score of specific pathway pair. Larger edge-width indicates higher score. Dotted line represents SNPs enrichment. (B) mRNA expression level of MDH2 in remission group and recurrence group. *p <0.05.





rs6720 variant in MDH2 was identified as a candidate mutation associated with rFSGS

There were two rFSGS related SNPs-mapped genes enriched in the crosstalk pathways (Table S3; Figure 4A), including rs6720 (mapped to MDH2, C >T, homozygote) and rs2297518 (mapped to NOS2, G >A, heterozygote). Both SNPs uniquely existed in all three recurrent recipients but in none of the remisson recipients or healthy donors. Furthermore, MDH2 was confirmed to be a DEG between the recurrence group and the remission group (Figure 4B), whereas NOS2 was not. MDH2 is a gene that encodes the mitochondrial malate dehydrogenase enzyme involved in the Krebs cycle. Thus, the rs6720 variant in MDH2 may be associated with the disorder in metabolic pathways and the Krebs cycle (Table S3).



rs6720 variant in MDH2 caused loss of protein expression in HMy2.CIR cells

Human PBMCs exist in a heterogeneous pool comprised of 70% T cells, 10% B cells, and another 10% of monocytes. Analysis of the kidney biopsy samples from children with idiopathic nephrotic syndrome revealed a significantly higher number of glomerular CD20+ B cell infiltration in FSGS patients (23). B-cell depleting antibodies like Rituximab and Ofatumumab are effective in rFSGS (4, 24–27), which indicates that the recurrence of FSGS may be B-cell related. HMy2.CIR, a human B lymphoblastoid cell line, was thus chosen to detect the effect of the homozygous c.26C >T variant on MDH2 protein expression. Indeed, substantially lower levels of MDH2 protein were detected in HMy2.CIR cells carrying the c.26C >T mutation than in WT controls (Figure 5A). Moreover, we also found the proliferation rate of mutant HMy2.CIR cells were significantly lower than that of WT cells, as the percentage of S phase was significantly reduced in mutant HMy2.CIR cells compared to WT cells (Figures S1A, B). Next, we performed a metabolomic analysis to examine whether the mutation of MDH2 in HMy2.CIR cells may lead to metabolic alterations. PLS-DA was applied in the data analysis and the score plot showed that the metabolomic profile of mutant cells was significantly altered when compared to the WT cells (Figures 5B, C). Furthermore, metabolic changes could be observed by Kegg enrichment of the differential metabolites (Figure S2). As shown in Figure 5D, the ratio of malate to citrate was significantly increased in mutant cells than in WT control, and the ratio of fumarate, a direct precursor of malate, to citrate was also higher in mutant cells than in WT control, although no statistical significance was detected. In contrast, mutation of MDH2 resulted in a decrease in the ratio between succinate and citrate without statistical significance (Figure 5D).




Figure 5 | rs6720 leads to loss of MDH2 expression in HMy2.CIR cells and disturbed crebs cycle. (A) Western blot analysis with anti-MDH2 antibodies in rs6720 mutant and WT HMy2.CIR cells. a-tubulin was used as loading controls. (B) The scores plot of PLS-DA model of the LS-MS (positive model) spectral data between the selected PCs. Each point in the graph represents a sample. Different colors represent different groups, and different color circles represent different PCA groups. (C) Results of clustering patterns of metabolites differential expression. Red represents upregulation, blue represents downregulation. Different color bars represent different groups. (D) Metabolite ratios assessed by liquid chromatographic tandem-mass spectrometry in mutant and WT HMу2.CIR cells. Suc, succinate; Cit, citrate; Mal, malate; *p<0.05.





MDH2 variants in HMy2.CIR cells caused injury to podocytes specifically

Because podocyte injury is a recognized cause of FSGS (28), we next examined the functional role of mutant MDH2 in podocyte injury by co-culturing mutant or WT HMy2.CIR cells with human podocytes, HMC, and HK2 cells, respectively. Immunofluorescence and western blot analysis showed that cells cultured with mutant HMy2.CIR resulted in podocyte injury as demonstrated by reducing podocyte-specific markers including expression of F-actin, synaptopodin, and podocin (Figure 6). This is in accordance with the biopsy results under the electron microscope. Podocyte foot process effacement was observed in all rFSGS patients, ranging from partially to diffusely (Table S2). In contrast, no significant changes were found in the co-culture of mutant HMy2.CIR with HMC (Figures S3A, B) and HK2 cells (Figure S4), which showed no alteration in expression of megsin (a HMC marker) that is involved in the renal tissues of various glomerular diseases (29) and expression of IL1β, RANTES, MCP-1, and TIM-1 by HK2 cells. Taken together, findings from these studies implied the restricted pathogenicity of c.26C> T variants in MDH2 to podocytes.




Figure 6 | HMy2.CIR cells carrying rs6720 mutation in MDH2 caused injury to podocytes. (A–C) Representative pictures and quantification of immunofluorescence staining of F-actin (green), synaptopodin (red) and DAPI (blue) in podocytes before and after WT or mutant HMy2.CIR cell exposure. (D–F) Representative pictures and quantification of immunofluorescence staining of F-actin (green) and podocin (red) in podocytes before and after WT or mutant HMy2.CIR cell exposure. Six random fields were taken from each coverslip (mean ± SD, n=6). Scale bar: 50um. Western blot and statistics for Synaptopodin (G, I) and Podocin (H, J) from podocytes before and after WT or mutant HMy2.CIR cell exposure (mean ± SD, n=9-12). #p < 0.05; ##p<0.01; ###p<0.001; NS, no significance.






Discussion

FSGS is a pathologic rather than a diagnostic CKD, which can be caused by rare, highly penetrant mutations in a number of genes (30). Injury to the podocytes plays a central role in the pathogenesis of FSGS (31, 32). Increasing evidence shows that mutations in genes related to FSGS are found in podocytes, including those involved in slit diaphragm structure and function, actin cytoskeleton, or cell signaling apparatus (33, 34). By integrated genomic and transcriptomic analysis, we reported here that rFSGS patients carried a homozygous c.26C> T mutation in the MDH2 gene in PBMCs with metabolic and immune dysfunction. However, the pathogenic role of mutant MDH2 in the PBMCs of rFSGS patients remains largely unknown. MDH2 encodes the enzyme malate dehydrogenase, mitochondrial in humans, which catalyzes the reversible oxidation of malate to oxaloacetate by utilizing the NAD-NADH cofactor system in the Krebs cycle. Despite the assumption that loss-of-function mutations affecting this key enzyme appear to be typically incompatible with life, pathogenic MDH2 disorder has been reported in several studies. A loss-of-function germline mutation in MDH2 was observed in paraganglioma (35). Bi-allelic mutations in MDH2 were also reported to cause the early-onset of severe encephalopathy (36). A prognostic model based on nine signature glycolytic genes, including MDH2, can accurately predict the prognosis of brain glioma patients. Among them, the mutation rate of HDAC4 and MDH2 genes was the highest at 8% (37). MDH2 was also overexpressed in endometrial carcinoma tissues and was related to the grade of the cancer (38). In renal cell carcinoma, inhibition of the glutamine-MDH2 axis suppresses in vitro tumor phenotypes in an L-2-HG-dependent manner (39). Decreased protein levels of malate dehydrogenase 2 were detected in a mouse model of methylmalonic aciduria, an inborn metabolic disorder of propionate catabolism that may lead to metabolic stroke and renal insufficiency (40). It was believed that disruption of enzymatic activities like malate dehydrogenase 2 could lead to the accumulation of specific metabolites, which give rise to epigenetic changes in the genome that cause a characteristic hypermethylated phenotype (41).

Functionally, we also uncovered that the mutation in the MDH2 gene was able to specifically cause podocyte injury. This was demonstrated by the finding that co-culture of human HMy2.CIR cells with rs6720 point mutation in MDH2 with podocytes were able to cause podocyte injury by inhibiting the expression of F-actin, synaptopodin, and podocin. Whereas no injuries were evidenced in by co-culturing the HMy2.CIR cells with other kidney cell types including human mesangial cells (HMC) and tubular epithelial cells (HK2). Thus, results from this study uncovered the restricted pathogenicity of MDH2 c.26C> T variants to podocyte injury specifically.

It should be pointed out that there are several limitations to this study. First, although integrated genomic and transcriptomic analysis was performed, this study is limited by the number of patients enrolled. Further studies on rs6720 in MDH2 leading to rFSGS in a large-scale cohort are necessary to confirm our findings. Second, though MDH2 abrogation leads to increased levels of malate/citrate ratios, as was proved in HMy2.CIR cells, we have not observed the absence of malate accumulation in rFSGS patients. Furthermore, the mechanisms underlying the pathogenicity of HMy2.CIR cells carrying homozygous c.26C> T mutations in podocyte injury has not been clarified. We speculated that the abnormal protein expression caused by the c.26C> T mutation in MDH2 led to the disorder of the TCA cycle and disturbance of cell metabolism, then the production of abnormal circulating factors by immune cells. These abnormal circulating factors resulted in podocyte injury, which is presented as inhibition of the expression of F-actin, synaptopodin, and podocin. Our next step is to include more rFSGS cases and screen out the possible circulation factors. The mechanism underlying podocyte injury should then be further investigated.

In summary, by using integrated genomic and transcriptomic analysis, we identified for the first time a bi-allelic c.26C >T variant in MDH2 in patients with rFSGS. Furthermore, we also found that this mutation is pathogenic and can cause podocyte injury specifically.
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IL-10 partly mediates the ability of MSC-derived extracellular vesicles to attenuate myocardial damage in experimental metabolic renovascular hypertension
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Extracellular vesicles (EVs) obtain properties of immunomodulation and tissue repair from their parental mesenchymal stem cells (MSCs), and upon delivery may be associated with fewer adverse events. EVs derived from adipose-tissue MSCs restored kidney function by attenuating kidney inflammation in a swine model of metabolic syndrome (MetS) and renal artery stenosis via anti-inflammatory pathways. EVs also ameliorated myocardial injury in renovascular hypertension (RVH) secondary to inflammation in cardiorenal disease, but the mechanisms regulating this effect are unknown. We hypothesize that the anti-inflammatory cytokine interleukin (IL)-10 mediates the reparative effects of EVs on cardiovascular complications in a preclinical swine model with coexisting MetS and RVH. Twenty-three pigs established as Lean controls or RVH models were observed for 16 weeks. At 12 weeks RVH subgroups received an intrarenal delivery of 1011 either wildtype (WT) EVs or EVs after IL-10 knockdown (KD) (RVH+WT-EVs or RVH+IL-10-KD-EVs, respectively). Cardiac and renal function were studied in-vivo and myocardial tissue injury in-vitro 4 weeks later. RVH pigs showed myocardial inflammation, fibrosis, and left ventricular diastolic dysfunction. WT-EVs attenuated these impairments, increased capillary density, and decreased myocardial inflammation in-vivo. In-vitro, co-incubation with IL-10-containing WT-EVs decreased activated T-cells proliferation and endothelial cells inflammation and promoted their migration. Contrarily, these cardioprotective effects were largely blunted using IL-10-KD-EVs. Thus, the anti-inflammatory and pro-angiogenic effects of EVs in RVH may be partly attributed to their cargo of anti-inflammatory IL-10. Early intervention of IL-10-containing EVs may be helpful to prevent cardiovascular complications of MetS concurrent with RVH.




Keywords: renovascular hypertension, extracellular vesicles, interleukin-10, metabolic syndrome, myocardial damage, mesenchymal stem cell



Introduction

Renal artery stenosis (RAS), mainly caused by atherosclerosis (1), is a common etiology of renovascular hypertension (RVH) (2). RAS not only results in hemodynamic disorders and deteriorating renal function, but is also exacerbated by systemic diseases including metabolic syndrome (MetS) and diabetes mellitus (3). Conversely, all of these risk factors are crucial contributors to atherosclerosis (4) and cardiovascular disease (CVD) (5), a leading cause of death in the U.S (6, 7). Therefore, strategies to blunt kidney and cardiac damage in subjects with RVH with metabolic perturbation are in dire need.

Mesenchymal stem cells (MSCs) are self-renewable, multipotent cells with therapeutic and repair functions, which have shown promise in clinical trials for cardiac and renal repair (8–10). Most of the MSC-mediated beneficial effects are attributed to their paracrine activity (11). Among their paracrine factors, MSC-derived extracellular vesicles (EVs) carry cargo that resembles the composition of their parental cells and show similar therapeutic functions while circumventing the risk for rejection and tumorigenesis (12). Our lab has found that intrarenal delivery of adipose MSC-derived EVs in a porcine model of RVH improved renal function and alleviated myocardial remodeling (13). In addition, we found that IL-10 knock-down (KD) in EVs blunted their renoprotective effects, suggesting that the salutary effects of EVs on the kidney may be attributed to their content of anti-inflammatory cytokines (14). However, whether IL-10 in the adipose MSC-derived EVs modulate their effects on the heart in pigs with RVH coexisting with MetS remains unknown.

Therefore, the present study took advantage of a preclinical swine model of RVH in the milieu of MetS, mimicking the clinical situation, to test the hypothesis that IL-10 regulates the reparative effect of MSC-derived EVs on cardiac function.



Materials and methods


Animal experiments

The study was approved by the Mayo Clinic Institutional Animal Care and Use Committee. Twenty-three 3-months old female pigs were studied for 16 weeks. At baseline, 17 pigs were fed with a high-cholesterol/high-carbohydrate diet (15), and on week 6, underwent RAS surgery to induce RVH as described (16). Briefly, 0.25g tiletamine hydrochloride/zolazepam hydrochloride (Telazol®, Zoetis, Kalamazoo, MI) and 0.5g xylazine (Xylamed, VetOne, Bimeda-MTC Animal Health, Cambridge, ON, Canada) were used for intramuscular anesthesia, followed by intravenous ketamine (0.2 mg/kg/min, Ketaset, Zoetis, Kalamazoo, MI) and xylazine (0.03 mg/kg/min) for maintenance. Then unilateral RAS was induced by placing a local irritant coil in the main right renal artery under fluoroscopic guidance (Siemens, Munich, Germany) (17). Then, abdominal adipose tissue (~2g) was collected from each pig via biopsy to harvest autologous MSCs and isolate their EVs. MSCs from five RVH pigs had been pretreated with siRNA prior to EV collection to knock down IL-10. Six other pigs (Lean) were fed a standard pig chow throughout the 16 weeks and underwent a sham operation to serve as controls.

On week 12, angiography was used to assess the degree of stenosis in all pigs, and mean arterial pressure (MAP) was measured using a catheter through a cannulated carotid artery. Then the 17 RVH pigs were divided into three groups: RVH (n=6), RVH+wildtype (WT)-EVs (n=6), and RVH+IL-10-KD EVs (n=5). Both types of EVs were suspended (1×1011) in phosphate-buffered saline (PBS) and injected into the stenotic kidney over 5 min through a 5-F catheter positioned proximal to the stenosis. Lean and RVH pigs received PBS vehicle.

On week 16, all pigs were anesthetized to repeat renal angiography and MAP measurement, and study cardiac and renal function. Systemic blood samples were collected for serum creatinine (SCr) and plasma renin activity (PRA) levels (MAK157, Millipore-Sigma, Burlington, MA). A few days later, the animals were euthanized with IV sodium pentobarbital (100mg/kg). The hearts were dissected, and sections were frozen in liquid nitrogen or preserved in formalin for further studies. Coronary arteries were also collected for ex vivo studies.



Cardiac and renal function

On week 16, cardiac function including left ventricular (LV) ejection fraction (EF), cardiac output (CO), systemic vascular resistance (SVR), E/A ratio (an index of diastolic function), bilateral single-kidney glomerular filtration rate (GFR), and single-kidney volume were assessed using multi-detector computed tomography (MDCT, Somatom Sensation-128, Siemens), and analyzed with MATLAB 7.10. as previously described (13).



EVs characterization and delivery

MSCs were isolated from abdominal subcutaneous adipose tissue using collagenase-H (11074032001, Millipore-Sigma) and cultured in advanced Eagle minimal essential medium (MEM, 12492013, Gibco, Waltham, MA) supplemented with 5% platelet lysate (Mill Creek Life Sciences, Rochester, MN) at 37°C with 5% CO2, as previously reported (18, 19). Common MSC markers were identified through immunofluorescent (IF) staining and flow cytometry. Trans-differentiation into adipocytes, chondrocytes, and osteocytes was also confirmed as previously described (14).

We used siRNA (Ambion, Life Technologies) to silence the expression of IL-10 in MSCs of the RVH+IL-10-KD EVs group. Briefly, when MSCs were about 70% confluent, we changed the medium to Opti-MEM medium (31985070, Gibco) supplemented with siRNA lipofectamine (13778075, ThermoFisher, Waltham, MA) guided by instructions. Twenty-four hrs later, we changed the medium to medium 199 (m199, 11150059, Gibco) without fetal bovine serum (FBS) to increase EV release, and 48hrs later, the supernatant was collected to harvest EVs through size-exclusion chromatography (20). Firstly, the supernatant was centrifuged at 2,000×g for 20min to remove cells and debris and then was concentrated into a small volume using centrifugal filter devices (Centricon Plus-70, MilliporeSigma), followed by EV isolation with an appropriate qEV column (iZON Science). Ultimately, another centrifugal filter concentrated the EVs further. For the RVH+WT-EVs group, the medium of MSCs was changed to m199 at 70% confluency and WT-EVs were harvested from supernatant 48hrs later. To characterize EVs, nanoparticle tracking analysis (NTA, NanoSight NS300, Malvern Panalytical Ltd, Malvern, UK) was used to assess their concentration and size distribution. IL-10 mRNA expression was determined in MSCs and EVs. After labeling with red fluorescence PKH26, EVs were delivered into the stenotic renal artery through a catheter under fluoroscopic guidance. The pigs were then allowed to recover and returned to their housing.



Heart tissue experiments

EV tracking was performed in 10μm frozen heart tissue sections by counting red EV aggregates in 10 random fields of each section under fluorescent microscopy. Hematoxylin-eosin (H&E) and Trichrome Masson’s staining (#9179, Newcomer supply, Middleton, WI, USA) were performed to investigate the capillary density and fibrosis. Briefly, heart tissue was fixed in 4% paraformaldehyde and embedded in paraffin, followed by sectioning at 4μm thickness. In each slide, 10 fields were selected randomly and results from all fields were averaged. Cellular infiltration with macrophages and regulatory T-cells (Treg) was evaluated by IF staining with primary antibodies against CD68 (MA5-13324), inducible nitric oxide synthase (iNOS, PA1-036), Arginase-1 (Arg-1, sc-20150, Santa-Cruz), CD4 (NBP1-19371, Novus Biologicals, Centennial CO), CD25 (ab207895, Abcam) and Foxp3 (ab20034, Abcam).

Inflammatory cytokines in heart tissues and IL-10 mRNA expression in MSCs and EVs were assessed by real-time polymerase chain reaction (RT-PCR). Briefly, total RNA was extracted from tissue or cells using the kit (#AM1556, Life Technologies). Then, SuperScript VILO cDNA synthesis kit (#11754-050) was used to obtain cDNA. Relative quantitative PCR utilized Taqman assays with the following probes: IL-1β (Ss03393804, ThermoFisher), IL-6 (Ss03384604), TNF-α (Ss03391318), MCP-1 (Ss03394377), IL-10 (Ss03382372) and GAPDH (Ss03375435). Fold change of gene expression was calculated using the 2-△△CT method.

Western blot analysis was performed to detect vascular endothelial growth factor (VEGF) protein levels in the tissue. Briefly, the myocardial tissue was lysed with RIPA buffer (9806, Cell Signaling Technology, Danvers, MA, USA). Protein concentration was detected using a BCA protein assay kit (23227, ThermoFisher). After being separated by 4-20% precast gel (5671095, BIO-RAD, Hercules, CA, USA), the protein samples were then transferred to PVDF membranes (PB5310, Invitrogen) and blocked in 5% BSA (37520, ThermoFisher). The membrane was incubated with primary antibodies anti-VEGF (sc-7269, Santa-Cruz) and anti-GAPDH (ab8245, Abcam) overnight at 4°C followed by incubation with a secondary antibody for 1hrs. Enhanced chemiluminescence (34096, ThermoFisher) was used to visualize the blots.



In vitro T-cells proliferation

The immunomodulatory effects of EVs with or without IL-10 were evaluated in stimulated T-cells (21–23). Fresh human CD3+ Pan T-cells (4W-350, Lonza, Walkersville, MD, USA) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (10-040-CM, Corning Life Sciences, Corning, NY, USA) supplemented with 10% FBS for 6hrs after been thawed. Next, the cells were prelabelled with a 1μM CellTrace Far Red (CTFR) following the manufacturer’s instructions (C34572, Invitrogen). Then cells were seeded in 6-well plates (1×106/well), stimulated with 5μg/ml concanavalin-A (ConA, C2010, Sigma-Aldrich, St. Louis, MO), and cocultured with vehicle (PBS), WT-EVs or IL-10-KD EVs (T-cells to EVs 1:5000 ratio). In these in-vitro experiments, we included two additional negative control groups of cells incubated with EVs treated with an empty vector siRNA (NC-EVs, AM4611, Ambion, Life Technologies) or lipofectamine (Lipo-EVs, 13778075, ThermoFisher). Three days later, the cell pellets were collected, washed with FACS buffer (PBS with 1% BSA), and stained with a Live/Dead Violet Viability/Vitality kit (L34958, Invitrogen) at ambient temperature for 30min. Finally, the cells were washed and studied with Flow Cytometry (Amnis® FlowSight® Image Flow Cytometry, Luminex, Chicago, USA) to test their proliferation. Negative controls included T-cells alone, with NC-EVs, or with Lipo-EVs, and positive controls included T-cells with ConA stimulation. Six replicates were conducted for each group.



Endothelial cell isolation, identification, and migration

Primary coronary artery endothelial cells (CAECs) were isolated from Lean and RVH pigs. Briefly, the right coronary artery was procured from the heart and a plastic tube was inserted and fixed at one end to establish an infusion channel. The inner wall of the artery was washed by PBS three times, followed by a slow infusion of 0.1% Collagenase type-I (17100015, Gibco) until it outflowed from the other end of the artery, after which the artery was ligated at the end and incubated at 37°C for 30min in a 10cm dish. The arterial ligation was opened and flushed several times with endothelial medium (CC-5036, Lonza). The cellular suspension was filtered through a 100μm cell strainer and centrifuged for 5min at 1000 RPM to get pellets and resuspended in the same culture medium, cultured in a 37°C CO2 incubator.

Immunocytochemistry staining was conducted for the identification of CAECs with the markers CD31 (MCA1747, BIO-RAD, Hercules, California, USA), VEGF (sc-7269, Santa-Cruz), as well as the negative marker alpha-smooth muscle actin (α-SMA, ab7817, Abcam).

CAECs were then used for migration assays. CAECs from Lean and RVH pigs are subsequently co-incubated with vehicle, NC-EVs, Lipo-EVs, WT-EVs or IL-10-KD EVs. For migration, the cells were seeded in a 24-well plate, treated with EVs (at a 1:5000 ratio), and placed in an incubator until 80% confluency in the monolayer. Then, a wound was created in the center of each well by the auto-scratch wound-making tool (BioTek, Agilent Technologies, Pittsburgh, PA, USA). After a medium change, the cells were placed in Cytation-5 (BioTek) at 37°C with 5% CO2 for 48hrs to study their migration, indexed by their ability to migrate across the scratch.



Statistical analysis

All data were presented as mean ± SD. Normality distribution was detected first. For two groups comparison, student’s t-test or a nonparametric test was applied as applicable. For four groups comparison, one-way ANOVA was conducted followed by either the Bonferroni post-hoc if normally distributed or Two-stage step-up method of Benjamini, Krieger, and Yekutieli post-hoc in case of non-normal distribution. GraphPad Prism software (version 9.0.1, San Diego, CA) was used for statistical analysis. A p-value<0.05 was considered statistically significant.




Results


MSCs and EVs characterization

We have previously shown that isolated MSCs express typical markers CD34, CD90, and CD44 and are capable of transdifferentiating into adipocytes, osteocytes, and chondrocytes (24, 25). NTA revealed that 15×106 MSCs (comparable to their in-vivo dose) cultured for 72hrs released about 1×1011 EVs/ml. The size distribution of both WT-EVs and IL-10-KD EVs showed that most of them were exosomes (~150nm) and a smaller fraction included small micro-vesicles (~200nm) (Figures 1A, B).




Figure 1 | Characterization and tracking of swine MSC-derived EVs. (A, B). NTA showed the size distribution and quantity of EVs from 15×106 MSCs and IL-10-KD MSCs. (C, D). qPCR detected the IL-10 mRNA expression in MSCs and their daughter EVs. n = 6 (E, F). EVs tracking in the heart sections and comparable numbers of PKH-26-labeled EVs between RVH+EVs and RVH+IL-10-KD EVs. Blue is DAPI-stained cell nuclei. Scale bar = 20µm. Data are expressed as mean ± SD. **p < 0.01, ***p < 0.001 between groups (Student’s t-test following normality and log-normality tests). MSCs, mesenchymal stem cells; EVs, extracellular vesicles; NTA, Nanoparticle Tracking Analysis; RVH, renovascular hypertension; KD, knockdown. ns, no significance.



siRNA treatment significantly decreased IL-10 mRNA expression in both IL-10-KD MSCs and their daughter EVs (Figures 1C, D). Red fluorescent signals of WT-EVs and IL-10-KD-EVs labeled with PKH26 were detected in frozen heart sections (Figure 1E) and quantitative analysis (Figure 1F) found similar myocardial retention in both groups.



Renal and cardiac function

Figure 2 shows the systemic characteristics and renal and cardiac function of all pigs at week 16. All RVH pigs developed significant and similar (p>0.05 among RVH groups) RAS, obesity, and elevated PRA (Figures 2A–C). CO was significantly increased only in untreated RVH pigs (p=0.022 vs. Lean) but did not differ from other RVH groups (Figure 2D). EF and SVR showed no difference among groups (Figures 2E, F). E/A ratio was lower in RVH, normalized in RVH+EVs, but markedly increased in IL-10-KD EVs pigs compared with other groups (Figure 2G). There was no statistically significant difference in systemic SCr among the groups (p=0.870) (Figure 2H). GFR was significantly lower in stenotic compared with contralateral RVH kidneys (p=0.043), whereas in Lean (right vs. left) and EV-treated RVH pigs GFR of the two kidneys showed no significant difference (p>0.05). GFR was also higher in contralateral RVH (p=0.029) and RVH+WT-EVs (p=0.013) kidneys compared with Lean single-kidney GFR. WT-EVs and IL-10-KD-EVs did not differ in GFR (Figure 2I). The stenotic kidneys were much smaller than the contralateral ones in the RVH group (p=0.004, Figure 2J). GFR normalized per unit kidney volume (Figure 2K) was unchanged among the groups, except for being lower in the stenotic kidneys of RVH+IL-10-KD-EVs than in the RVH stenotic kidneys (but vs. Lean). MAP was significantly and similarly increased in all RVH groups both at 12 and 16 weeks (p<0.01 vs. Lean, Figure 2L).




Figure 2 | Systemic characteristics, cardiac and renal function in the study groups. Systemic characteristics, including the (A) degree of stenosis, (B) bodyweight, and (C) PRA at week 16. (D–H) Cardiac function and SCr at week 16. Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, double-headed arrow with ‘ns’ indicate no statistical significance among the included groups (One-way ANOVA followed by either the Bonferroni posttest or Two-stage step-up method of Benjamini, Krieger and Yekutieli posttest as appropriate). (I–K) Single-kidney GFR, kidney volume and normalized GFR in all groups. ‘ns’ no significance, *p < 0.05, **p < 0.01: compared two kidneys in particular; ‘NS’ no significance, ap < 0.05, aaap < 0.001, bp < 0.05, bbp < 0.01 compared with single-kidney in the Lean group; cp < 0.05 compared to stenotic kidneys in RVH group (Student’s t-test when normally distributed, otherwise a nonparametric test; One-way ANOVA followed by an appropriate posttest test). (L) MAP was elevated at 12 and 16 weeks in all RVH groups. aap < 0.01 compared with Lean group at week 12, bbp < 0.01, bbbp < 0.001 compared with Lean group at week 16 (One-way ANOVA followed by posttest). PRA, plasma renin activity; CO, Cardiac output; EF, ejection fraction; SVR, systemic vascular resistance; E/A ratio, the ratio of peak velocity flow from left ventricular relaxation in early diastole (E wave) to peak velocity flow in late diastole caused by atrial contraction (A wave), a marker of the left ventricle function; SCr, serum creatinine; GFR, glomerular filtration rate; MAP, mean arterial pressure.





IL-10-KD-EVs showed weaker anti-inflammatory properties than WT-EVs

The number of infiltrating M1 (CD68+/iNOS+) macrophages was higher in RVH compared to Lean pigs, was normalized in RVH+EVs pigs, but elevated vs. Lean in RVH+IL-10-KD-EVs. In contrast, the number of M2 (CD68+/Arg-1+) macrophages was markedly decreased in RVH and RVH+IL-10-KD-EVs compared to the Lean and RVH+WT-EVs groups. Consequently, the M1-to-M2 ratio, which was higher in RVH compared with Lean, decreased only in RVH+WT-EVs, but not RVH+IL-10-KD-EVs (Figures 3A–D). RVH showed a fall in the number of Tregs (CD4+/CD25+/Foxp3+) vs. Lean, whereas their numbers were higher than Lean in RVH+WT-EVs hearts and were lower than RVH+WT-EVs in RVH+IL-10-KD EVs (Figures 3A, E).




Figure 3 | EVs modulated inflammation in the heart tissue. (A) Representative images (40×) of immunofluorescence staining showed that EVs induced macrophage polarization towards M2 phenotype and increased Tregs while IL-10-KD EVs had opposite effect. M1 [CD68+(green)/iNOS+(red)], M2 [CD68+(green)/Arg-1+(red)] and Treg [CD4+(green)/CD25+(red)/Foxp3+ (far red)]. Scale bar=50µm. (B–E) Quantitative analysis of M1, M2, M1/M2 ratio and Treg. (F–I) qPCR showed mRNA level of inflammatory cytokines in the heart tissue. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 between groups (One-way ANOVA followed by either the Bonferroni posttest or Two-stage step-up method of Benjamini, Krieger and Yekutieli posttest). iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1. ns, no significance.



Expression of the inflammatory cytokine IL-1β mRNA was elevated in RVH and significantly declined in RVH+WT-EVs pigs, while IL-10-KD blunted this anti-inflammatory effect of EVs. IL-6 mRNA expression was not elevated in RVH yet decreased in the WT-EVs-treated group compared to Lean. MCP-1 and TNF-α were upregulated only in RVH+IL-10-KD-EVs (Figures 3F–I).



IL-10-KD-EVs showed impaired capability to attenuate myocardial fibrosis and promote angiogenesis

Trichrome staining showed evident myocardial fibrosis in RVH pigs that was significantly blunted by both types of EVs, although IL-10-KD-EVs were less effective than WT-EVs (Figures 4A, C).




Figure 4 | IL-10-KD EVs reversed the effects of WT-EVs on alleviating myocardial fibrosis and increasing capillary density. (A, C) Representative Masson’s trichrome staining (40×) and quantification of myocardial fibrosis; (B, D) Representative heart sections stained with H&E (40×), showing capillaries (yellow arrows) and quantification of capillary density (numbers/field). (E, F) Myocardial protein expression of VEGF and its quantification. Scale bar = 50µm. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 between groups (One-way ANOVA followed by either the Bonferroni posttest or Two-stage step-up method of Benjamini, Krieger and Yekutieli posttest). H&E, Hematoxylin-eosin; VEGF, vascular endothelial growth factor. ns, no significance.



H&E staining illustrated fewer myocardial capillaries in RVH compared to Lean hearts, which was significantly improved in WT-EVs-treated but not in IL-10-KD-EVs-treated pigs (Figures 4B, D).

Myocardial protein expression of VEGF in RVH tended to decrease compared to Lean pigs but did not reach statistical significance (p=0.059). Moreover, VEGF expression in RVH+WT-EVs, but not in IL-10-KD EVs, was upregulated compared to RVH (p=0.008) (Figures 4E, F).



IL-10-KD-EVs achieved less inhibition of T-cell proliferation than EVs

Inhibition of ConA-induced T-cells proliferation was assessed to appraise the immunomodulatory capacity of EVs with or without IL-10-KD. ConA stimulation markedly enhanced the proliferation of naïve T-cells (52.4% vs. 0.44% in control cells, p<0.001) (Figures 5A, B). NC-EVs, Lipo-EVs, and WT-EVs all attenuated T-cell proliferation to a similar extent (p>0.05, (Figures 5C–E). IL-10-KD-EVs also inhibited T-cell proliferation (p=0.008 vs. ConA), but less effectively than other EVs (p<0.001, Figures 5F, G).




Figure 5 | Proliferation ability of naïve CD3+ T-cells cocultured with EVs or IL-10-KD-EVs was assayed using the CTFR method by Flow cytometry (n = 6 biological replicates). (A) naïve T-cells without ConA stimulation; (B) ConA stimulated the proliferation of T-cells that were then cocultured with (C) NC-EVs, (D) Lipo-EVs, (E) WT-EVs, or (F) IL-10-KD-EVs. (G) Comparison of proliferation of ConA-stimulated T-cells. Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 between groups, double-headed arrow with ‘ns’, no statistical significance among the indicated groups (One-way ANOVA followed by either the Bonferroni posttest or Benjamini, Krieger and Yekutieli posttest). CTFR, CellTrace Far Red; ConA, concanavalin-A; NC, negative control with empty vector; Lipo, lipofectamine, P1, T-cell passage 1, the original T-cell; P2, T-cell passage 2, the proliferated T-cell.





IL-10-KD-EVs were incapable of stimulating CAEC migration

To further study the role of IL-10 in regulating the effect of EVs on endothelial cells, primary CAECs were isolated from Lean and RVH coronary arteries and identified as positive for VEGF, Flt-1, and CD31, and negative for α-SMA (Figure 6A).




Figure 6 | IL-10-KD-EVs failed to stimulate migration or attenuate inflammatory cytokine expression in CAECs. (A) Representative immunofluorescence images (40×) for surface markers of CAEC. (B) Cell migration ability examined using the wound healing assay under microscopy (10×). (C, D) Wound width and confluency quantified at 0h and 36h. (E–G) qPCR showed inflammatory cytokines in CAECs cocultured with vehicle, NC-EVs, Lipo-EVs, WT-EVs or IL-10-KD-EVs. Scale Bar = 50µm. *p < 0.05, **p < 0.01, ***p < 0.001 between groups, double-headed arrow with ‘ns’ meant no statistical significance among the included groups (One-way ANOVA followed by either the Bonferroni posttest or Benjamini, Krieger and Yekutieli posttest). CAECs, coronary artery endothelial cells.



RVH-CAECs showed lower migratory capacity and confluency than Lean-CAECs in the wound-healing assay (Figures 6B–D). WT-EVs treatment significantly narrowed the wound width at 36h (7.6µm vs. 12.4µm in RVH, p<0.001, Figure 6C) and achieved higher CAEC confluency (75.8% vs. 50.7% in RVH, p=0.007, Figure 6D), whereas IL-10-KD-EVs did not (p=0.132 for confluency and p=0.181 for width vs. RVH). NC-EVs and Lipo-EVs showed effects similar to WT-EVs.



IL-10-KD-EVs failed to attenuate inflammatory cytokines released by CAECs

Inflammatory cytokine mRNA levels were also measured in Lean- and RVH-CAECs co-incubated with vehicle, NC-EVs, Lipo-EVs, WT-EVs, and IL-10-KD-EVs. qPCR showed that regardless of co-incubation, TNF-α, MCP-1, and IL-6 were significantly upregulated in all RVH compared to Lean CAECs (Figures 6E–G). WT-EVs, NC-EVs, and Lipo-EVs all decreased inflammatory cytokines expression (p<0.001), while IL-10-KD blunted this benefit of EVs.




Discussion

The present study demonstrates that IL-10 content modulates the ability of MSC-derived EVs to improve impaired cardiac diastolic function and tissue injury in experimental RVH. In contrast to WT-EVs, IL-10-KD-EVs incompletely alleviated myocardial fibrosis, inflammation, and capillary loss. Furthermore, IL-10-KD hampered the ability of adipose MSC-derived WT-EVs to restore coronary endothelial cell function or decrease inflammation in pigs with RVH secondary to ischemic and metabolic kidney diseases. These observations highlight IL-10 as an important modulator of the reparative impact of EVs on the cardiac complications of kidney disease.

Early activation of inflammation reflects a reparative response to primary injurious processes. Adaptative repair results in reversible injury and tissue regeneration, whereas maladaptive repair activates local and system inflammatory signaling cascades and causes irreversible damage (26, 27). In pigs with RVH and MetS, we observed significantly increased body weight and GFR secondary to the high-cholesterol/high-carbohydrate diet (14). Stenotic-kidney GFR was lower than in the intact contralateral kidney in RVH, indicating that kidney disease was successfully established. However, because of the compensatory effects of the contralateral kidney, systemic SCr levels were maintained. GFR normalized per unit kidney volume was unchanged among most groups, except being lower in the stenotic kidneys of RVH+IL-10-KD EVs than in RVH, which might due to data variability. These data suggest that the differences in GFR are largely driven by kidney size, which serves to buffer and sustain renal blood flow and GFR per unit kidney volume.

Cardiac injury is a common complication of metabolic and ischemic kidney diseases (28, 29), such as renovascular disease. In our study, the RVH model showed cardiac compensation with pathological changes, including infiltration of inflammatory cells and myocardial fibrosis, with maintained LV systolic but impaired diastolic function, possibly linked to myocardial fibrosis. We have recently shown that treatment with MSC-derived EVs attenuated cardiac dysfunction in this model (13), suggesting that a targeted intervention could delay CVD complications in subjects with metabolic kidney diseases.

MSCs are reparative cells possessing self-renewal, immunoregulatory, and angiogenic capabilities. Previous studies have reported the cardioprotective and renoprotective function of MSCs (30, 31), yet their application is limited by their impurity, consistency, scalability, and potential risks (32). Hence, MSC-derived WT-EVs are considered a safer substitute than their parental cells and carry a complex cargo to exert cell-free effects in recipient cells (33–35).

EVs are bequeathed with the anti-inflammatory and immunomodulatory properties of their parental MSCs. Our study shows that WT-EVs promoted macrophage polarization from an inflammatory M1 to a reparative M2 phenotype, increased the infiltration of reparative Tregs in vivo, and decreased the expression of inflammatory cytokines in myocardial tissue, exhibiting their immunoregulatory ability. Similarly, WT-EVs inhibited T-cells proliferation and decreased gene expression of the inflammatory cytokine TNF-α in primary RVH-CAECs in vitro. Conversely, IL-10-KD-EVs failed to decrease inflammation either in vivo or in vitro. IL-10 is a potent anti-inflammatory cytokine with a crucial role in the inflammatory response and injury repair (36–38). Our observations implying that IL-10 is a central mediator of the anti-inflammatory properties of EVs in the myocardium are consistent with previous studies suggesting that IL-10-overexpressing MSCs increased autophagy and protected rats against traumatic brain injury-induced neuronal damage (39). Additionally, MSC-derived EVs alleviated hepatic injury via IL-10-mediated M2 Kupffer cell polarization (40). Congruently, M2 reparative macrophages release high levels of anti-inflammatory IL-10 (41).

We also found that both WT and IL-10-KD EVs inhibited T-cell proliferation, yet IL-10-KD EVs were less effective. This property of EVs is inconsistently observed (42). The use of a much higher number of EVs compared to T-cells may account for their notable effectiveness. Trapani et al. reported that bone marrow-MSC-EVs were effective in suppressing B-cell and/or natural killer cell proliferation, but not in inhibiting T-cell proliferation (43), whereas Blazquez et al. showed that adipose tissue MSC-derived EVs were capable of inhibiting T-cell stimulation (44). Additionally, human platelet-derived EVs, isolated by tangential-flow filtration, inhibited T-cell proliferation more potently than EVs isolated by size-exclusion chromatography (21). Taken together, EVs derived from different tissue sources under diverse medium conditions and isolation methods may show variable compositions, resulting in a range of T-cell responses. Nonetheless, our WT-EVs and IL-10-KD-EVs were isolated using the same methodology and should therefore have comparable composition, except for IL-10. Similarly, given that the renal artery stenosis persisted, neither WT-EVs nor IL-10-KD-EVs decreased PRA and MAP, yet WT-EVs improved cardiac histology and inflammatory infiltration.

Besides immunoregulation, WT-EVs are also equipped with the ability to promote angiogenesis, conceivably thanks to their enrichment in proteins that contribute to vascular development (45). WT-EVs improved capillary density and upregulated VEGF expression in cardiac tissue in vivo, and promoted the migration of endothelial cells in vitro, whereas IL-10-KD impeded this activity. Possibly, the pro-angiogenic capability of IL-10 might be mediated by directly binding and activating its receptor on endothelial cells (46) or by indirectly polarizing macrophages to a reparative phenotype (47). MSCs-secreted IL-10 was implicated in enhancing angiogenesis in transplanted fat tissue (48), and IL-10 promoted ischemia-induced angiogenesis in the retina by altering macrophage angiogenic function (49). Additionally, the pro-angiogenic factor HIF-1α increases IL-10 production by B-cells under hypoxia conditions (50), and IL-10 upregulates the pro-angiogenic angiotensin-converting enzyme-2 in human umbilical vein endothelial cells (51). In our study, IL-10-containing EVs restored VEGF expression and capillary density in vivo whereas IL-10-KD impeded the ability of EVs to augment migration and proliferation of endothelial cells. However, we cannot rule out the possibility that the pro-angiogenic property of WT-EVs stems from IL-10-induced macrophage polarization to create an anti-inflammatory and pro-angiogenic microenvironment.

Interestingly, we observed that CAECs obtained from pigs with RVH showed impaired basal confluence and migration capacity as well as increased inflammation consistent with endothelial dysfunction, which improved upon IL-10-containing EV treatment. Additional studies are needed to determine whether EVs restore endothelial function in vivo.

Our pre-clinical large animal study revealed that IL-10 partly mediates the effects of EVs on improving cardiac function and decreasing tissue injury in RVH. However, our study also faced some limitations. We did not include NC-EVs and Lipo-EVs in-vivo, yet our in-vitro studies argue against their direct effects on EVs compared to WT-EVs. Our observation period was relatively short, which might influence the natural history of cardiac dysfunction progression, and treatment might also be more effective during the cardiac compensation phase. We used only female pigs in our study, but these juvenile pigs were pre-menstrual and thus typically not affected by cyclical changes in sex hormone levels. In our previous study using a similar model, SCr significantly increased in RVH compared with Lean pigs, probably due to biological heterogeneity as well as larger group size than in the present study, which might have allowed reaching statistical significance. Nevertheless, a higher SCr in RVH+IL-10-KD-EVs vs. WT-EVs was detected in the current study as well. Furthermore, the timepoint and dose of EV treatment were based on previous studies. The precise mechanisms involved in the influence of IL-10 on the immunoregulation and angiogenesis activities of EVs also remain to be determined.

In conclusion, the present study shows that in RVH pigs myocardial tissue injury precedes cardiac dysfunction, including myocardial fibrosis and infiltration of inflammatory cells. Intra-renal delivery of adipose MSC-derived WT-EVs alleviated myocardial inflammation and fibrosis and increased capillary density in vivo, and inhibited T-cells proliferation and CAEC inflammation in vitro. Notably, these beneficial effects were blunted with IL-10-KD EVs, suggesting that this anti-inflammatory cytokine contributes to the salutary effects of EVs to prevent cardiac dysfunction and promote angiogenesis. Additional studies are needed to determine if overexpression of IL-10 in EVs augments their function further. IL-10-containing EVs might be an important tool in translational medicine for preventing cardiovascular complications of kidney disease.
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Yes
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Demographic/clinical characteristics N=914
Gender, n,% Male 537 (68.75)
Female 377 (41.25)
Age, year 61 [49-72]
Body Mass Index, kg/m2 23.49 [20.83-26.56]
Systolic pressure, mmHg 140 [127-158]
Diastolic pressure, mmHg 80 [70-90]
Laboratory data
Low density Lipoprotein-C, mmol/L 2.38 [1.89-2.96]
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2 (<2) 288/914 (31.51%)
High sensitive C-reactive protein, mg/L 3.38 [0.98-13.58]
Serum Creatinine, umol/L 532 [307.5-757.25]
Serum Alanine Transaminase, IU/L 13[9-21]
Serum Aspartate Transaminase, IU/L 16 [12-20]
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Disease model

M. Tuberculosis
(Mito)

HIV

HCV

HBV

Listeria
monocytogenes

HSV-1

LCMV

Cell types

CD8+T
CD8+T

CD4+T
CcD8+ T

CD8+T

CD4+T

CDa+T
CD8+T

CDa+T
CD8+T

CD4+T
CD8+T
Macrophage

CD8+T
CD8+T

CD8+T

Ligand Interact Infection
with phase

Galectin-9 Macrophage Chronic
Galectin-9 Macrophage  Chronic

- Macrophage Chronic

- - Chronic

Galectin-9 - -
= - Chronic
Galectin-9 Kupfler cell  Acute and
Chronic
= = Chronic
- - Chronic
Acute
Galectin-9 Neuronal Chronic/latent

cells
= - Chronic

Subject

Murine
Murine

Human

Human

Human

Human

Human

Human
Murine

Murine
Murine

Murine

Function of TIM3

triggers IL-1 production by macrophages and limits intracelular Mtb repiication.
restrains TIM3+ effector T cell responses.

co-express with other inhibitory receptors, marking the subset of eflector T cell that is functionally exhausted.
TIM3 blockade restores T cell function and improves bacterial control.

limits intracellular Mtb replication

TIMB+T-cel subsets express much higher levels of phosphorylated signaiing molecules (038, stat3, stats, and Erk1/
2

TIM3 levels are positively correlated with viral load and disease progression

marks the dysfunctional subset of CDB+ T cels in HIV patients

TIM3 blockade can restore the prolferative response of TIM3+ CD8+ T cells to HIV-1 peptides in vitro

lowers the expression of the HIV co-receptors CORS, CXCR4 and a4B7 on the T cells, thus enabiing resistance
to HIV infection.

marks dysfunctional T cell population

TIM3 blockade can restore the T cell response to HCV infection by enhancing T-cell proliferation and gamma
interferon production

marks the dysfunctional T cel population

Tim-3 blockade results in enhanced expansion of HBV-specific CD8 T cells able to produce cytokines and
mediate cytotoxicity in vitro.

over-expression of Tim-3 is involved in disease progression of hepatis B and contributes to persistency of
infection

dampens macrophage phagocytosis by inhibiting the Nrf2-CD36/HO-1 signaling pathways.

increases bacterial burdenvinfection tolerance during chronic infection.

enhances CD8 T cell responses to acute Listeria monocytogenes infection.

Galectin-9/Tim-3 interaction s responsible for reduced CD8+ T cel effector function.

Co-expression of Tim-3 and PD-1 is associated with more severe CD8 T-cell exhaustion

Ref.

(54)
(68)

(56)

(48)

(70)

(45, 46)

1)

7
(72

(9)
(73

(49)

N2, nuclear factor erythroid 2 related facior: HO-1, heme axygenase-1: HSV-1, herpe simplax virzs-1: LOMV. Mmphocytic choromeningilis is.
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Disease Cell type of expression  Subject/ model Function Ref.
Acute kidney injury monocytes/macrophages  Murine/ IRl aggravates kidney IR injury via the TLR-4/NF-xB signaling and NLR-C4 inflammasome activation 74)
Treg Human fower TIM3 expression in Treg cells restricts the efficacy of Treg response in AKI. 75)
Kidney transplant - Human Patients of acute and chronic allogratt dysfunction have greater urinary and blood TIM3 mRNA expressions. (78, 81)
a promising biomarker for noninvasive diagnosis of allograft dysfunction.
Diabetic kidney disease (DKD) ~ ~ Human; TIM3 expression is increased on renal macrophages in DKD 86)
Murine/STZ-induced and  aggravates podocyte injury in DKD by promoting macrophage activation via NF-kB/TNF-o: pathway.
db/db mice
- Human Serum GALS level in the patient with type 2 diabetes is positively correlated with age, creatinine, urea ritrogen and ~ (37)
osmotic pressure and negatively correlated with eGFR.
IgA nephropathy - Human There is a positive correlation between pathological manifestations and expression degree of TIM3 in IGAN. (104)
Membranous nephropathy - Human/serum Serum TIM3 concentration in patients with MN is considerably higher than that in healthy individuals. (105)
TIM3 may be a diagnostic indicator for distinguishing between healthy individuals and patients with MN as well as
between different stages of MN.
Systemic lupus erythematosus ~ CD4+T, CDB+T, CDS6+T  Human Expression of TIM3 and Gal9 in serum in patients with SLE are significantly higher than those of healthy controls. ~~ (91)
/Lupus nephritis The up-regulation of TIM3 and Gal9 expression in patients with SLE is closely related to the SLEDAI scores.
CD34CD4+T, CD3+CD4-T  Human Expression of Tim-3 and co-expression of TIM3 and Fas on certain peripheral T subsets are associated with (©90)
disease activity in SLE patients.
= Murine/ pristane-induced  GAL9 deficiency protects against the development of immune complex glomerulonephritis, arthritis, and peritoneal ~ (101)
model ipogranuloma formation in pristane-induced lupus model.
Anti-GBM glomerulonephitis  ~ Murine Administration of GALS to anti-GBM GN mice ameliorated renal tubular injury, and reduced the formation of (103)
crescents.
The protective role of Gal9 in anti-GBM GN is associated with the inhibition of Th1 and Th17 cell-mediated immune
responses.
Myeloperoxidase-ANCA- Dendritic cel Human Reduced expression of TIM3 and an increased expression of TLR4 are identified on DCs of active MPO-AAY
associated vasculitis patients.
TIM3 plays an important role in maintaining the NETs mediate immune homeostasis in MPO-AAV, suggesting an (106)
important role in MPO-AAV development
Nephrotoxic serum nephriis ~ Efiector Th cell Murine/NTS TIM3 is up-regulated in kidneys in NTS and exerts protective roles in the course of disease by suppressing the (102)

infitration of inflammatory cels such as macrophages.

IRl ischemiareperfution injury; TLR-4, Toll-ike receptor 4; NF-xB, nuclear factorxappa B; NLR-C4, Nod-like receptor NLR family CARD domain-containing protein 4; STZ, Streptozotocin; TNF-a, Tumor Necrosis Factor-a; éGFR, estimated
alomeruiar filration rate: anti-GBM, anti-lomearular basement membrane: MPO-AAY. myeloperoxidase anfineutrophil cyloplasmic antibody-associated vasculiis: NETe, neutrophil extracelular irape.
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