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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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