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Abstract

:

Cisplatin is a commonly used chemotherapeutic agent in the treatment of a wide array of cancers. Due to its active transport into the kidney proximal tubule cells, cisplatin treatment can cause a buildup of this nephrotoxic compound in the kidney, resulting in acute kidney injury (AKI). About 30% of patients receiving cisplatin chemotherapy develop cisplatin-induced AKI. JP4-039 is a mitochondria-targeted reactive oxygen species (ROS) and electron scavenger. Recent studies have shown that JP4-039 mitigates a variety of genotoxic insults in preclinical studies in rodents by suppressing oxidative stress-mediated tissue damage and blocking apoptosis and ferroptosis. However, the benefits of JP4-039 treatment have not been tested in the setting of AKI. In this study, we investigated the potential renoprotective effect of JP4-039 on cisplatin-induced AKI. To address this goal, we treated mice with JP4-039 before or after cisplatin administration and analyzed them for functional and molecular changes in the kidney. JP4-039 co-administration attenuated cisplatin-induced renal dysfunction and histopathological changes. Upregulation of tubular injury markers was also suppressed by JP4-039. Mechanistically, JP4-039 suppressed lipid peroxidation, prevented tissue oxidative stress, and preserved the glutathione levels in cisplatin-injected mice. An increase in cisplatin-induced apoptosis and ferroptosis was also alleviated by the compound. Moreover, JP4-039 inhibited cytokine overproduction in cisplatin-injected mice. Together, our findings demonstrate that JP4-039 is a promising therapeutic agent against cisplatin-induced kidney injury.
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1. Introduction


Cisplatin is a commonly used highly effective therapeutic in cancer treatment [1]. However, its use is limited by its nephrotoxicity, which occurs in about 30% of patients receiving cisplatin chemotherapy [2,3]. One of the mechanisms of cisplatin nephrotoxicity is the induction of reactive oxygen species (ROS) due to disruptions in the mitochondrial respiratory chain [4]. ROS, such as superoxide radical anions and hydroxyl radicals, are highly reactive molecules that can damage cellular components, including lipids in cell membranes by allylic peroxidation [5]; increase mitochondrial membrane permeability, and induce caspase-3 activity, resulting in tubular cell apoptotic death [6], and ferroptosis [7,8], another form of cell death which has been recently implicated in AKI pathophysiology [8,9,10]. Cisplatin also affects the cellular redox balance by binding to and depleting free glutathione (GSH) levels in the cell [2,4]. GSH is a major antioxidant molecule, whose production is regulated by the transcriptional activity of the nuclear factor erythroid 2-related factor 2 (Nrf2) [11]. GSH is also necessary for the function of glutathione peroxidase 4 (Gpx4) [12], an antioxidant enzyme whose activity has been recently demonstrated to be critical for protecting kidney proximal tubular cells from lipid peroxidation and ferroptosis [9,13].



There are currently no approved therapeutic agents to treat AKI. Since cisplatin-induced AKI remains a major unmet medical need without any pharmacological interventions, we decided to explore the nephroprotective effects of a novel mitochondria-targeted ROS and electron scavenger, JP4-039 [14], in a cisplatin AKI model. JP4-039 is a potent antioxidant that contains a hemigramicidin S tail, which facilitates its accumulation in mitochondrial membranes and a 4-amino-TEMPO nitroxide headgroup, which functions as a ROS scavenger [15] and exerts dismutase and catalase activities. JP4-039 has demonstrated protective effects in several preclinical models, mitigating tissue damage, preserving antioxidant reserves, and maintaining cellular integrity under stress conditions such as radiation exposure [16] or toxic insults [17]. Previously, we have shown that JP4-039 successfully halted the progression of kidney disease in a genetic model of chronic kidney disease [18]. In addition, JP4-039 has been demonstrated to inhibit both apoptotic and ferroptotic cell death in various in vivo and in vitro disease models [17,18,19], but whether JP4-039 prevents kidney tubular cell death after injury has not been investigated to date. Furthermore, whether JP4-039 protects wild type mice from acute kidney injury after cisplatin injury is not known. Thus, in the current study, we examined the effect of JP4-039 on cisplatin-induced kidney injury and explored the mechanism.




2. Materials and Methods


2.1. Mouse Lines Used and Study Approval


Eight-to-ten-week-old male mice (129Sv-Elite, Charles River, Wilmington, MA, USA) were used in this study. All mice were maintained under SPF conditions in an ambient temperature of 20–22 degrees, a humidity of 50–70%, and a 12/12 h light/dark cycle. All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh and were performed in accordance with the institutional guidelines. Animals were randomly assigned to 4 experimental groups, each consisting of 5 male mice. Group 1 (hereafter, ctrl) is a vehicle control group, in which mice were injected with normal saline (0.9% NaCl, a vehicle for cisplatin) and 10 mL of DMSO (vehicle for JP4-039); group 2 (hereafter, C) received a single intraperitoneal (i.p.) dose of cisplatin (10 mg/kg); group 3 (hereafter, C + JP4-039) received a single dose of cisplatin (10 mg/kg) followed by gavage feeding of JP4-039 (20 mg/kg) 24 h later; and group 4 (hereafter, JP4-039 + C) were gavage-fed with JP4-039 (20 mg/kg) followed by cisplatin (10 mg/kg) 1 h later. JP4-039 was synthesized and QC’d in the laboratory of Dr. P. Wipf and stored at −80 °C as a stock solution of 0.1 mg/mL in DMSO. JP4-039 stock solution was dissolved in 50% PEG-400/50% H2O on the day of gavage feeding. Mice were euthanized 72 h (day 3) after cisplatin injection to harvest blood and kidneys.




2.2. Measurement of Renal Function


Renal function was assessed with blood urea nitrogen (BUN). Serum was separated from red blood cells by centrifugation at 2000× g for 15 min at 4 °C. BUN levels in serum were measured using a kit per the manufacturer’s protocol (#K024-H1, Cayman Chemical, Ann Arbor, MI, USA).




2.3. Histological Analysis of Kidney


Mouse kidneys were fixed with 4% paraformaldehyde overnight at 4 °C, embedded in paraffin, and sectioned at 4 μm thickness. Staining with periodic acid–Schiff (PAS; #395B-1KT Sigma-Aldrich, St. Louis, MO, USA) reagents was performed according to the manufacturer’s protocol. Images were captured using a light microscope (Leica, Wetzlar, Germany).




2.4. Immunofluorescence Staining (IF)


For immunofluorescence staining, paraffin-embedded sections were sequentially treated through deparaffinization, hydration, and antigen retrieval via incubation with citrate buffer (pH6). To reduce nonspecific binding, the sections were blocked in 10% donkey serum, 0.5% Triton, and 1% BSA in PBS for 1 h at RT and incubated with primary antibodies overnight at 4 °C. Following overnight incubation, the slides were incubated with a secondary antibody for 1 h and 30 min, rinsed with PBS, and counterstained with DAPI. Images were obtained using a Leica SP8 confocal microscope. Fluorescence was quantified using the ImageJ software version 2.14.0/1.54f (NIH, Bethesda, MD, USA).




2.5. Immunohistochemistry Staining (IHC)


For immunohistochemical studies, a standard manufactory protocol was followed. After the deparaffinization procedures, antigen retrieval was performed by using citrate buffer (pH6). Endogenous peroxidases were inactivated using 3% hydrogen peroxide, followed by blocking with 10% donkey serum, 0.5% Triton, and 1% BSA in PBS for 1 h at room temperature. Sections were incubated with primary antibodies overnight at 4 °C. The next day, the sections were washed and incubated for 1 h with a secondary antibody. Histochemical reactions were detected with the ABC Elite kit (Vector Laboratories, Newark, CA, USA) according to the manufacturer’s instructions. Images were captured using a light microscope (Leica, Wetzlar, Germany).




2.6. Antibodies


Primary antibodies and lectins used in this study are shown in Supplementary Table S1. Secondary antibodies included donkey anti-rabbit Alexa Fluor 594, donkey anti-rabbit Alexa Fluor 488, donkey anti-mouse Alexa Fluor 594, or donkey anti-mouse Alexa Fluor 488 (all from Molecular Probes, Eugene, OR, USA), as well as goat anti-rabbit IgG-HRP (sc-2004, Santa Cruz, Dallas, TX, USA). Samples were mounted in Fluoromount Aqueous Mounting Medium (F4680, Sigma-Aldrich, St. Louis, MO, USA).




2.7. RNA Extraction and Real-Time PCR


RNA was isolated from mouse kidneys using a Quick-RNA Miniprep kit (R1055, Zymo Research, Irvine, CA, USA), and complementary DNA was synthesized from 500 ng of total RNA using an iScript cDNA synthesis kit (Bio-Rad, catalog no.1708890, Hercules, CA, USA) according to the manufacturer’s instructions. Real-time PCR analysis was performed with 2× SYBR Green Master Mix (Bio-Rad, catalog no. 1725270, Hercules, CA, USA) and run on a CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA). Relative expression levels of mRNAs were normalized to Gapdh or 18SrRNA. qPCR primers used in this study are shown in Supplementary Table S2.




2.8. Western Blotting


Kidney tissues were lysed with RIPA lysis buffer containing protease and phosphate inhibitors and homogenized with a sonicator. Lysates were clarified via centrifugation at 16,000× g for 30 min at 4 °C and protein concentration was measured using a DC protein assay kit (#500-0116, Bio-Rad). Gel electrophoresis of equal amount of tissue lysates was performed using the Bolt system (Invitrogen, Waltham, MA, USA) and transferred onto the PVDF membrane. Membranes were blocked with 5% nonfat milk in TBST and probed with primary and secondary antibodies, respectively. The immunoblots were visualized with ECL reagents according to the manufacturer’s instructions. Protein bands were normalized with Gapdh.




2.9. Measurement of Cellular ROS


ROS generation in kidneys was assayed using CM-H2DCFDA (C6827, Invitrogen, Waltham, MA, USA). Unfixed kidney cryosections were incubated with 5 μM CM-H2DCFDA in PBS for 30 min at 37 °C in a light-protected humidified chamber. Samples were then washed three times, and images were obtained with a Leica SP8confocal microscope. The intensity of the fluorescence was quantified by the NIH Image J software.




2.10. Glutathione Assay


Kidneys were lysed in RIPA lysis buffer and samples were then assayed for total glutathione (GSH) content according to the manufacturer’s instructions (Abcam, ab205811, Cambridge, UK). The protein levels were determined using the DC Protein Assay Kit (Bio-Rad). Values were normalized to the protein content of whole homogenates.




2.11. Quantification


The area occupied by Kim1-, Collagen1a1-, Fibronectin1-, CM-H2DCD-, and 4-HNE-stained sections was evaluated using ImageJ software [20]. For quantification, 6 randomly selected, non-overlapping fields were imaged at 400× magnification in the renal cortex. The values obtained were expressed as a percentage of the whole cortical area.




2.12. Statistical Methods


Statistical analysis was performed using GraphPad Prism 10, version 10.4.1 (532) (GraphPad software, Boston, MA, USA). Statistical tests are two-tailed, unpaired Student’s t-tests or an ordinary one-way or two-way ANOVA followed by Tukey’s post hoc test for multiple group comparisons. All results are reported as means ± SEM. Significance was determined at p < 0.05 and represented by * to denote p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3. Results


3.1. JP4-039 Protects Against Cisplatin-Induced Kidney Injury


To investigate whether JP4-039 administration can modulate cisplatin AKI in wild type mice, we used a low-dose cisplatin (10 mg/kg) kidney injury model in 129Sv-Elite mice. Cisplatin (C) was injected intraperitoneally into three cohorts of mice (Figure 1A). Control mice (ctrl) were administered an equal amount of vehicle solution. JP4-039 was administered by gavage feeding either 24 h after cisplatin injection (C + JP4-039) to assess for its therapeutic activity or 1 h before cisplatin (JP4-039 + C) to investigate its efficacy in preventing cisplatin nephrotoxicity (Figure 1A). Kidney histology and blood chemistry were analyzed 72 h after cisplatin injection. As expected, cisplatin administration caused the mice to develop histological changes associated with AKI, such as loss of proximal tubule brush border, tubular damage, cast formation, and basement membrane thickening when compared to untreated kidneys. In contrast, these pathologic changes were markedly alleviated in mice who were co-treated with JP4-039, demonstrating a prevention of AKI (Figure 1B,C). In line with the histologic data, serum BUN levels were significantly increased in cisplatin-injected wild-type mice when compared to JP4-039-treated mice (Figure 1D). Taken together, these results indicate that JP4-039 mitigates cisplatin-induced kidney injury in mice, both when administered before or after cisplatin exposure.




3.2. JP4-039 Blocks the Induction of Kidney Tubular Injury in Cisplatin Exposed Kidneys


To determine whether JP4-039 mitigates AKI by suppressing tubular cell injury in cisplatin-treated mice, we co-stained kidney sections with antibodies against the kidney tubular injury marker, i.e., kidney injury molecule-1 (Kim1) and the proximal tubule marker Lotus tetragonolobus lectin (LTL). While cisplatin administration induces a strong Kim1 expression in the kidneys by 72 h, prophylactic and therapeutic treatments with JP4-039 blocked Kim1 expression (Figure 2A,B). Quantitative RT-PCR analysis confirmed that the expression of the kidney injury markers—hepatitis a virus cellular receptor 1 (Havcr1, encodes Kim1) and lipocalin 2 (Lcn2)—remained at baseline in JP4-039 and cisplatin co-treated mice, compared to cisplatin-administered mice (Figure 2C,D). Together, these data show that JP4-039 therapy is equally effective at protecting tubular cells from cisplatin injury when administered either before or after cisplatin administration.




3.3. Reduced Tubular Interstitial Fibrogenesis in Mice Treated with JP4-039


Interstitial fibrosis develops downstream of tubular injury in AKI. To examine whether JP4-039-treated kidneys have reduced fibrosis we examined the expression of two fibrosis markers—collagen 1a1 and fibronectin 1—in kidney sections. Both fibrosis-associated proteins were expressed at significantly higher levels in cisplatin-injured mice when compared to untreated or JP4-039-treated mice (Figure 3A–D). These results demonstrate that JP4-039 administration prevents the development of interstitial fibrosis in cisplatin injured kidneys.




3.4. JP4-039 Attenuates the Expression of Inflammatory Cytokines and Chemokines in Cisplatin Injured Kidneys


The inflammatory response is one of the major causes of cisplatin-induced acute kidney injury. To investigate the effect of JP4-039 on the inflammatory response in mouse renal tubular cells, we examined the expression of proinflammatory cytokines, including Il6 and Tnf, in each group. Analysis by quantitative RT-PCR showed that while cisplatin treatment significantly induced the expression of Il6, Cxcl10, Tnf, and Ccl2 in wild-type kidneys, cotreatment with JP4-039 attenuated the increase in cisplatin-induced inflammatory factors (Figure 4A–D). Together, these data demonstrated that JP4-039 therapy significantly attenuates the cisplatin-induced inflammatory response.




3.5. JP4-039 Blocks Oxidative Stress in the Cisplatin Injury


Oxidative stress has been reported to be the main mechanism for cisplatin-induced apoptosis. To investigate the level of intracellular ROS, we used the sensitive fluorescent probe CM-H2DCFDA, which labels total cellular ROS in unfixed tissue sections. We observed a significant increase in intracellular ROS levels in cisplatin-treated kidneys compared to untreated kidneys. However, treatment with JP4-039 significantly reduced CM-H2DCFDA signal intensity in cisplatin-treated kidneys demonstrating functional protection from ROS (Figure 5A,B). Oxidative stress induces Nrf2 expression in the kidney [21,22]. Nrf2 is a master regulator if genes are involved in antioxidative response [22]. To confirm that JP4-039 protects the kidneys from cisplatin injury by blocking oxidative stress, we examined the expression of Nrf2 and its target genes (Nqo1, Hmox1, Gpx6) in the kidneys. Nrf2 and its target genes’ expression remained at baseline in the kidneys of JP4-039-treated mice, comparable with uninjured wild type kidneys, indicating that JP4-039 blocked the formation of oxidative stressors after cisplatin treatment (Figure 5C–F). However, mice which were treated with cisplatin only showed significantly elevated expression of Nrf2 signaling pathway genes, indicating severe oxidative stress (Figure 5C–E). Interestingly, the expression of Gpx6 was downregulated in cisplatin-injured kidneys, suggesting a Nrf2-independent regulation of Gpx6 in cisplatin AKI (Figure 5F). Together, these results show that JP4-039 blocks the accumulation of cellular ROS in cisplatin-treated kidneys and subsequently prevents the activation of the Nrf2 pathway.




3.6. JP4-039 Ameliorates Cisplatin-Induced Tubular Death by Inhibiting Apoptosis and Ferroptosis


A major effect of cisplatin cytotoxicity is the induction of cell death [23]. Thus, we next investigated whether JP4-039 elicits its renoprotective effect by modulating cisplatin-induced cell death. Analysis of kidney sections stained with antibodies against the apoptosis marker, cleaved Caspase-3, revealed a significant increase in the number of apoptotic tubular cells in cisplatin-treated kidneys (Figure 6A), indicating that cisplatin induces kidney cell apoptosis. In contrast, cotreatment with JP4-039 prevented this increase in cleaved Caspase-3 positive cells (Figure 6A,B), indicating that JP4-039 inhibited cisplatin-induced cell death in the kidney.



In addition to the activation of pro-apoptotic signaling, cisplatin affects cell viability by depleting free glutathione (GSH) stores in the cell, which are essential for regulating cellular antioxidant defenses and critical for blocking the accumulation of lipid peroxides and induction of ferroptosis [9]. Our analysis showed that cisplatin treatment led to reduced cellular GSH levels in the kidneys; however, these alterations were prevented in mice co-administered with JP4-039 (Figure 6E). Coincident with GSH reduction, cisplatin injection resulted in increased 4-hydroxynoneal (4-HNE) levels in the kidneys, while JP4-039 inhibited the accumulation of this highly toxic compound in the cells (Figure 6C,D), further underlying the therapeutic benefits of JP4-039 in suppressing cisplatin-induced oxidative stress in the kidney. JP4-039 is a candidate ferroptosis inhibitor [14]. In order, to explore the potential anti-ferroptotic effects of JP4-039, we analyzed the gene expression changes of two key ferroptosis regulators, namely, acyl-CoA synthetase long-chain family member 4 (Acsl4) and glutathione peroxidase 4 (Gpx4). We observed a marked increase in Acsl4 and a down-regulation in Gpx4 expression in cisplatin-injured kidneys. However, the expression of both genes remained at baseline levels in JP4-039-treated kidneys (Figure 6F,G), consistent with the activation of ferroptosis after cisplatin injury and its inhibition by JP4-039. Further, immunoblot analysis of Acsl4 expression in cisplatin injured and JP4-039-treated kidneys corroborated the quantitative RT-PCR based studies (Figure 6H,I), demonstrating that JP4-039 protected injured kidneys from cisplatin-induced ferroptosis. In summary, these findings suggest that JP4-039 is a highly potent inhibitor of tubular epithelial cell apoptosis and ferroptosis in cisplatin injured kidneys.





4. Discussion


In this study, we investigate the therapeutic potential of the mitochondrially localized electron and ROS scavenger JP4-039 in mitigating cisplatin-induced kidney injury. Our results indicate that JP4-039 administration confers renoprotection both when delivered prophylactically, 1 h before cisplatin injection, or therapeutically, 24 h after cisplatin administration in mice. Mechanistically, our results demonstrate that JP4-039 elicits its therapeutic effect by (1) inhibiting ROS generation in cisplatin exposed kidneys, which results in (2) the suppression of proinflammatory and fibrogenic signaling, and (3) inhibition of apoptotic and ferroptotic cell death pathways in the kidney tubular epithelial cells.



We and other groups have previously reported the tissue protective effects of JP4-039 in various preclinical disease models, including FAN1 kidney disease [18], total body irradiation [24], radiation-induced mucositis [19] and sulfite-induced striatal cell death [17]. In the current study, we extend these findings and demonstrate that JP4-039 is a potent therapeutic against cisplatin-induced kidney injury. Our results show that JP4-039 protects the kidneys from cisplatin-induced injury by blocking ROS generation in the tubular cells, which is one of the first pathophysiologic effects of cisplatin after its uptake in the kidney [23]. By inhibiting ROS accumulation, JP4-039 prevents the induction of overt oxidative stress in cisplatin-treated kidneys and the subsequent activation of the endogenous Nrf2 antioxidant pathway, as demonstrated by the baseline expression of Nrf2 and its target genes, Nqo1 and Hmox1, in JP4-039 administered kidneys. Unexpectedly, we found that the expression of glutathione peroxidase 6 (Gpx6), a putative Nrf2 target gene in the liver [25] and kidneys [26] and a biomarker of oxidative stress in the brain [27], was regulated in the opposite direction compared to other Nrf2 targets after cisplatin injury. Gpx6 expression was significantly downregulated in cisplatin-injured kidneys, whereas its expression was maintained at normal levels in JP4-039-treated kidneys. These results suggest that while Gpx6 expression is regulated in response to oxidative stress, Gpx6 is not a direct transcriptional target of Nrf2 in cisplatin-induced AKI. Counterintuitively, we observed that kidneys in which the endogenous Nrf2 antioxidant signaling pathway was markedly upregulated after cisplatin administration resulted in worse AKI outcomes compared to kidneys in which Nrf2 pathway activity remained at baseline after JP4-039 treatment. Indeed, extensive evidence from several studies shows that genetic or pharmacologic activation of the Nrf2 antioxidant response leads to improved kidney injury outcomes in ischemia-reperfusion injury (IRI) [28] and aristolochic-acid-induced [29] AKI models in mice, and conversely, suppression of Nrf2 activity by chronic administration of N-acetyl-cysteine (NAC), an antioxidant, contributes to AKI to CKD progression [30]. A plausible explanation to this seeming discrepancy is that extensive ROS do not only cause redox imbalance in the cell, which leads to Nrf2 activation, but can directly damage multiple subcellular components, including DNA [31] and lipids [32], injuries which are virtually absent in JP4-039-treated kidneys, reported here and in [18]. Moreover, our results are consistent with a recent report that endogenous Nrf2 activity is not sufficient to mitigate AKI after IRI kidney injury [33]. Here, we show that this applies to cisplatin AKI and further demonstrates that inhibition of intracellular ROS by JP4-039 without engaging the Nrf2 antioxidant pathway is sufficient to block AKI pathophysiology and tubular injury. This notion is supported by the attenuated expression of tubular injury markers (KIM1/Havcr1 and Lcn2), inflammatory cytokines (Tnf, Cxcl10, Il6, Ccl2), and fibrotic markers (Col1a1 and Fn1) in JP4-039-treated kidneys.



Another important finding was that JP4-039 significantly alleviated cell death in cisplatin-treated kidneys. The number of cleaved Caspase3-positive cells was markedly lower in kidneys treated with JP4-039 and cisplatin compared to cisplatin-treated kidneys, regardless of whether JP4-039 was administered before or after cisplatin injection. This cytoprotective effect of JP4-039 on kidney tubular cells is consistent with the data from non-renal disease models in which JP4-039 administration reduced apoptotic cell death after gamma irradiation [24] or sodium sulfite [17] treatment. Our results also reveal that JP4-039 has potent anti-ferroptotic properties by preserving the cellular levels of GSH and the expression of Gpx4 at baseline and significantly suppresses the expression of the pro-ferroptotic protein ACSL4 [34] in cisplatin-treated kidneys. The observed anti-ferroptotic activity of JP4-039 is in agreement with in vitro studies in which JP4-039 has been demonstrated to inhibit the activities of two different ferroptosis activators, i.e., erastin and RSL3 [14]. In fact, an analog of JP4-039, XJB-5-131, was recently shown to inhibit ferroptotic cell death in kidney ischemia reperfusion injury [35]. Intriguingly, our results indicate that there is at least a 24 h window after a low-dose cisplatin (10 mg/kg) administration in which kidney tubular cell function can be preserved by JP4-039 therapy in the kidney. This is highly significant as it closely correlates with the scenario in clinics, where interventions are needed after the occurrence of AKI. These results provide a foundation for future clinical studies to evaluate the efficacy of JP4-039 in preventing AKI in humans.



Together, our data demonstrate that JP4-039 protects the kidneys from cisplatin-induced AKI by inhibiting tubular oxidative stress and proinflammatory signaling and suppressing tubular cell death through apoptosis and ferroptosis pathways. Moreover, our studies show that JP4-039 can be administered both prophylactically and therapeutically to suppress AKI. Future studies will focus on assessing long term outcomes from JP4-039 treatment in additional kidney injury models, such as ischemia reperfusion injury.
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Figure 1. Cisplatin-induced kidney injury and loss of function is mitigated by JP4-039. (A) Overview of the cisplatin AKI and JP4-039 administration protocols. Cisplatin was administered to three cohorts of 129Sv-Elite mice; cisplatin cohort (C) received a single dose of cisplatin (10 mg/kg), cohort 2 (C + JP4-039) received a single dose of cisplatin (10 mg/kg), followed by JP4-039 (20 mg/kg) 24 h later, and cohort 3 (JP4-039 + C) was injected with JP4-039 (20 mg/kg) followed by cisplatin (10 mg/kg) 1 h later. Control mice (ctrl) were injected with normal saline and DMSO (vehicles for cisplatin and JP4-039, respectively). Kidneys and blood were collected for analysis 3 days after cisplatin injection. (B) Histological analysis of kidney sections via periodic acid–Schiff (PAS) staining reveals that JP4-039 treatment preserves the kidneys from cisplatin injury. Green asterisks, protein casts; arrowheads, loss of brush-border. Scale bars: 100 μm. (C) Blood urea nitrogen (BUN) measurements demonstrate AKI in cisplatin-only but not in control and JP4-039-treated mice. Ordinary one-way ANOVA with Tukey’s multiple comparison ** p < 0.01, **** p < 0.0001, n = 5 each. (D) Tubular injury scores based on PAS-stained kidney sections. Ordinary one-way ANOVA with Tukey’s multiple comparison ** p < 0.01, n = 5 each. (C,D) Data are presented as the mean ± SEM. A two-way ANOVA with Tukey’s post hoc analysis. 
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Figure 2. JP4-039 administration mitigated tubular injury in cisplatin AKI. (A) Representative images of Kim1 immunofluorescence staining in control (untreated) and cisplatin ± JP4-039-treated kidneys on day 3 after AKI induction, Kim1 (red), LTL (green), DAPI (blue). Scale bar: 200 μm. (B) Quantification of KIM1-positive area in LTL-positive proximal tubules shows that prophylactic and therapeutic JP4-039 administrations suppresses KIM1 expression in cisplatin-injected kidneys. One way-ANOVA, ** p < 0.01, n = 5 each. (C) Havcr1 expression was increased in cisplatin AKI kidneys but remained at baseline in mice co-administered with JP4-039. One way-ANOVA, *** p < 0.001, n = 5 each. (D) Ngal expression was increased in cisplatin AKI kidneys but remained at baseline in the kidneys of mice co-administered JP4-039. One way-ANOVA, ** p < 0.01, n = 5 each. (B–D) Data are presented as the mean ± SEM. One way-ANOVA with Tukey’s post hoc analysis. 
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Figure 3. JP4-039 blocked the development of tubular interstitial fibrosis in cisplatin AKI. (A) Representative images of Collagen1 immunofluorescence staining in control (untreated) and cisplatin ± JP4-039-treated kidneys on day 3 after AKI induction; collagen 1a1 (red), LTL (green), and DAPI (blue). Scale bar: 200 μm. (B) Quantification of collagen 1-positive area in the cortical region shows that prophylactic and therapeutic JP4-039 administrations suppress Col1a expression in cisplatin-injected kidneys. One way-ANOVA, **** p < 0.0001, n = 5 each. (C) Representative images of fibronectin 1 immunofluorescence staining in control (untreated) and cisplatin ± JP4-039-treated kidneys on day 3 after AKI induction; fibronectin 1 (red), LTL (green), DAPI (blue). Scale bar: 200 μm. (D) Quantification of fibronectin 1-positive area in the cortical region shows that prophylactic and therapeutic JP4-039 treatments suppress Fn1 expression in cisplatin-injected kidneys. (B,D) Data are presented as the mean ± SEM. One way-ANOVA, *** p < 0.001, **** p < 0.0001, n = 5 each. 
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Figure 4. JP4-039 treatment reduced intrarenal infiltration of inflammatory cells triggered by tubular cell death. (A–D) Evaluation of the expression of several inflammatory genes—Il6 (A), Cxcl10 (B), Tnf (C), and Ccl2 (D) by qPCR reveals a robust inflammatory signaling in cisplatin AKI, which is suppressed in mice co-treated with JP4-039. (A–D) Data are presented as the mean ± SEM. One way-ANOVA with Tukey’s post hoc analysis, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 5 per group. 
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Figure 5. JP4-039 blocked the generation of reactive oxygen species (ROS) and activation of the Nrf2 antioxidant pathway in cisplatin-treated kidneys. (A) CM-H2DCFDA staining in untreated and cisplatin ± JP4-039-treated kidneys. Scale bar: 200 μm. (B) Quantification of the CM-H2DCFDA. **** p < 0.0001, n = 5. (C–F) Expression of Nrf2 (C) and its target genes, Nqo1 (D) and Hmox (E), was increased in cisplatin AKI kidneys but remained at baseline in mice co-administered with JP4-039, while Gpx6 (F) expression was reduced in AKI kidneys but preserved at baseline in JP4-039 administered kidneys. One way-ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 5 each. (B–F) Data are presented as the mean ± SEM. One way-ANOVA with Tukey’s post hoc analysis. 
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Figure 6. JP4-039 reduced apoptosis and ferroptosis in tubular epithelial cells in cisplatin-injured kidneys. (A) Representative images of cleaved Caspase-3 immunohistochemistry staining in untreated and cisplatin ± JP4-039-treated kidneys. Scale bar: 100 μm. (B) Quantification of cleaved Caspase-3 positive cells in the kidney cortex. ** p < 0.01, n = 5 per group. (C) 4-Hydroxynonenal (4-HNE) staining in control and AKI ± JP4-039 kidneys showed that JP4-039 mitigated the cisplatin-induced accumulation of lipid peroxidation in kidneys 3 days after cisplatin administration. Scale bar: 100 μm. (D) Quantification of 4HNE positive area in the kidney cortical area. **** p <0.0001, n = 5 per group. (E) Quantification of free GSH concentration in whole kidney lysates. * p < 0.05, ** p < 0.01, n = 3 per group. (F,G) qPCR analysis of Acsl4 and Gpx4 expression in kidneys normalized to Gapdh, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 5 per group. (H,I) Western blot and quantification of kidney Acsl4 protein. Tubulin is a loading control. ** p < 0.01, *** p < 0.001, **** p <0.0001, n = 5 per group. (B,D–F,G,I) Data are presented as the mean ± SEM. One way-ANOVA with Tukey’s post hoc analysis. 
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