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28 Abstract

29 Acute kidney injury (AKI), characterized by a rapid decline in renal function, is triggered by an 

30 acute inflammatory response that leads to kidney damage. An effective treatment for AKI is 

31 lacking. Using in vitro and in vivo AKI models, our laboratory has identified a series of 

32 anti-inflammatory molecules and their derivatives. In the current study, we identified the 

33 protective role of rutaecarpine (Ru) on renal tubules. We obtained a series of 3-aromatic 

34 sulphonamide-substituted Ru derivatives exhibiting enhanced renoprotective and 

35 anti-inflammatory function. We identified Compound-6c(Cpd-6c) as having the best activity and 

36 examined its protective effect against cisplatin nephropathy both in vivo and in vitro in 

37 cisplatin-stimulated tubular epithelial cells (TECs). Our results showed that Cpd-6c restored renal 

38 function more effectively than Ru, as evidenced by reduced blood urea nitrogen and serum 

39 creatinine levels in mice. Cpd-6c alleviated tubular injury, as shown by PAS staining and 

40 molecular analysis of kidney injury molecule-1 (KIM-1), with both prevention and treatment 

41 protocols in cisplatin-treated mice. Moreover, Cpd-6c decreased kidney inflammation, oxidative 

42 stress and programmed cell death. These results have also been confirmed in cisplatin-treated 

43 TECs. Using web-prediction algorithms, molecular docking, and cellular thermal shift assay 

44 (CETSA), we identified phosphodiesterase 4B (PDE4B) as a Cpd-6c target. In addition, we firstly 

45 found that PDE4B was up-regulated significantly in the serum of AKI patients. After identifying 

46 the function of PDE4B in cisplatin-treated tubular epithelial cells by siRNA transfection or PDE4 

47 inhibitor rolipram, we showed that Cpd-6c treatment did not protect against cisplatin-induced 

48 injury in PDE4B knockdown TECs, thus indicating that Cpd-6c exerts its renoprotective and 

49 anti-oxidative effects via the PDE4B-dependent pathway. Collectively, Cpd-6c might serve as a 

50 potential therapeutic agent for AKI and PDE4B may be highly involved in the initiation and 

51 progression of AKI. 

52

53 Key words: Acute kidney injury; Oxidative stress; Inflammation; Rutaecarpine; 

54 Phosphodiesterase enzymes.

55



56

57 Abbreviations

58 AKI: Acute kidney injury; Cis: Cisplatin; Ru: Rutaecarpine; Cpd-6c:Compound-6c; TECs: 

59 tubular epithelial cells; KIM-1: kidney injury molecule-1; HK2: Human tubular epithelial; 

60 CETSA: cellular thermal shift assay; PDE4B: phosphodiesterase 4B; GFR: glomerular filtration 

61 rate; RIPK1: receptor-interacting protein1; RIPK3: receptor-interacting protein3; MLKL: mixed 

62 lineage kinase domain-like protein; ROS: reactive oxygen species; NOX: NADPH oxidases; 

63 BUN: blood urea nitrogen

64

65 Chemical compounds 

66 Chemical compounds enlisted in this article: Rutaecarpine (PubChem CID: 65752).

67

68 1. Introduction

69 Acute kidney injury (AKI) is a clinical syndrome caused by multiple factors, including 

70 ischemic-reperfusion injury, drug toxicity (such as cisplatin), and sepsis (1-4). A common 

71 symptom is decreased glomerular filtration rate (GFR) accompanied by retention of nitrogen 

72 metabolites such as creatinine, urea nitrogen, and water, electrolyte imbalance, and acid-base 

73 balance disorders (5-7). Although inflammation ,oxidative stress and programmed cell death were 

74 shown to play critical roles in AKI, it is vital to identify the potential underlying mechanisms and 

75 to develop effective treatment options (8, 9). 

76 We screened several anti-inflammatory molecules and their derivatives using cisplatin-treated 

77 tubular epithelial cells (TECs). Our previous studies showed the protective role of protocatechuic 

78 aldehyde in attenuating cisplatin-induced AKI by inhibiting NOX-mediated oxidative stress and 

79 p65 NF-κB-driven renal inflammation(10).Wogonin protects against nephrotoxic AKI by targeting 

80 receptor-interacting protein1 (RIPK1)-mediated necroptosis and 7-Hydroxycoumarin attenuates 

81 AKI by limiting necroptosis while promoting Sox9-mediated tubular epithelial cell proliferation 



82 (11, 12). The major finding of this study is that Ru and its derivatives show a cytoprotective effect. 

83 Rutaecarpine officinalis sub alkaloid, the principal component of Evodia officinalis (13-15), is a 

84 natural alkaloid. There are reports that it has a wide range of pharmacological activities, including 

85 inhibition of oxygen-free radical release, anti-inflammation,, and immunomodulation (16-20). 

86 Whether Ru and its derivatives exert protective effects on nephrotoxic AKI, and whether its 

87 derivatives exhibit a higher protective effect require critical evaluation. 

88 In this study, we identified 3-aromatic sulphonamide-substituted Ru derivative, Cpd-6c, as the 

89 most potent compound for reducing cisplatin-induced renal damage, inflammatory response and 

90 oxidative stress. Necroptosis is a form of programmed cell death and dependent on receptor 

91 interacting protein kinase (RIPK)1 and is regulated by RIPK3 and its substrate mixed lineage 

92 kinase domain-like protein (MLKL) that plays an important role in AKI(21). Results presented 

93 here show that Cpd-6c suppressed cisplatin-induced cell necroptosis. Now the evidence is also 

94 clear that oxidative stress is a major factor in AKI and superoxide derived from NADPH oxidase 

95 is the core of oxidative stress(22-24). NOX1, NOX2 and NOX4 as the major NADPH isoforms in 

96 kidney was significantly down-regulated by Cpd-6c. Furthermore, we showed that the Cpd-6c 

97 exert its renoprotective mechanism by interacting with PDE4B, a newly identified 

98 pro-inflammatory enzyme involved in cisplatin nephropathy. For the first time, we found that 

99 PDE4B was up-regulated significantly in the serum of AKI patients and interference with PDE4B 

100 expression regulated cellular oxidative stress. To verify potential interactions between Cpd-6c and 

101 PDE4B protein, we used molecular docking studies and cellular thermal shift assays (CETSA). 

102 Our findings identified a novel small molecule that prevented kidney damage in cisplatin-induced 

103 AKI. Furthermore, PDE4B could be served as a potential target for treating nephrotoxic AKI.

104

105 2. Materials and methods

106 2.1 Reagent and materials

107 Ru was purchased from Aladdin Biotechnology Co., Ltd. (Shanghai, China, CAS NO: 84-26-4, 

108 Item-NO: R107338, Lot-NO: A1904074). The Purity of Ru was more than 98% and proton NMR 

109 spectrum conforms to structure. Ru’s derivatives were synthesised at the School of Pharmacy, 



110 Anhui Medical University. Early stage of our laboratory has synthesized a series of derivatives by 

111 modifying the structure of Ru to increase its selectivity and reduce its side effects. The synthesis 

112 method is detailed in our previous report(19). The structures of compounds are shown in Figure 

113 1A. And the minimum characterization of Cpd-6c is shown in Figure 1B. Specific antibodies 

114 against TNF-α, P-P65, P65, RIPK1, RIPK3, and β-actin were obtained from Santa Cruz 

115 Biotechnology (CA, U.S.A). The antibodies against kidney injury molecular-1 (KIM-1), rabbit 

116 anti-P-MLKL, anti-cleaved caspase-3, PDE4B, and 3,5-cyclic adenosine monophosphate (cAMP) 

117 were purchased from Cell Signalling Technology (Danvers, MA, U.S.A.). Anti-PDE4D and 

118 anti-PDE10A were purchased from Abcam (Cambridge, UK). Anti-Nox1, anti-Nox2, and 

119 anti-Nox4 were purchased from Bioss Biotechnology (Bioss, Beijing, China). Rolipram was 

120 obtained from Sigma-Aldrich (Shanghai, China). Protein assay kit was purchased from Beyotime 

121 Institute of Biotechnology (Jiangsu, China). Lipofectamine 2000 was purchased from SciencBio 

122 Technology (Invitrogen, Carlsbad, CA, USA). Periodic acid-Schiff (PAS), blood urea nitrogen 

123 (BUN), and creatinine kits were purchased from Nanjing Jiancheng Bioengineering Institute 

124 (Jiangsu, China). The dihydroethidium (DHE) and reactive oxygen species assay (DCF Assay) 

125 kits were obtained from Beyotime Institute of Biotechnology (Jiangsu, China).

126

127 2.2 Establishment of cisplatin-induced AKI mouse model 

128 Male C57BL/6J mice (approximately 20‒ 22 g) were provided by the Experimental Animal 

129 Centre, Anhui Medical University. All animal procedures were approved by the Animal 

130 Experimentation Ethics Committee of the Anhui Medical University, Anhui, China and conducted 

131 by GUIDE LABORATORY ANIMALS FOR THE CARE AND USE OF Eighth Edition. A total 

132 of 56 mice were divided into seven groups (n=6-8). The 8-week-old mice were injected with 20 

133 mg/kg of cisplatin, while the control group was injected with the same amount of saline. In 

134 protocol I, Cpd-6c concentrations of 25, 50, and 100 mg/kg were administered intraperitoneally 12 

135 h before cisplatin treatment and injected daily. In protocol II, Cpd-6c was intraperitoneally 

136 injected 24 h after cisplatin injection and then injected once daily for three days. Animals were 

137 humanely killed by exsanguination under inhaled 5% isoflurane anaesthesia three days after the 

138 injection of cisplatin. We collected the tissue and blood samples for the detection of blood urea 



139 nitrogen (BUN) and creatinine, PAS staining and molecular analysis.

140

141 2.3 ELISA

142 Clinical experiments were approved by the ethics committee of The First Affiliated Hospital of 

143 Anhui Medical University. According to the KDIGO criteria, AKI is diagnosed if SCr increases 

144 by 0.3 mg/dl (or≥ 26.5 mM) in≤ 48 h or increases to≥ 1.5-fold from baseline within the prior 7 

145 days and/or by a decrease in urine output of < 0.5 ml/kg/h for 6-12 h. After obtaining patient and 

146 ethics committee consent, serum from healthy volunteers and patients with AKI were collected 

147 and processed within 6h of collection (n=6). The level of PDE4B was detected using ELISA Kit 

148 (Jianglai Biotechnology Co., LTD, Shanghai, China) according to the manufacturer's instructions. 

149 Purified monoclonal antibody against PDE4B in an ELISA kit. The group consists of blank holes, 

150 standard holes and sample holes. Serum samples were added to the coated microwells in sequence 

151 (no serum samples and enzyme-labeled reagents were added to the blank control wells, standard 

152 holes  were added with different concentrations of standard substance), and then combined with 

153 horseradish peroxidase(HRP)-labeled detection antibodies to form antibody-antigen-enzyme- 

154 labeled antibody complexes. The substance tetramethylbenzidine is converted into blue under the 

155 catalysis of HRP enzyme, and finally into yellow under the action of acid. The color depth is 

156 positively correlated with the content of human PDE4B in the sample. The absorbance was 

157 determined using a microplate reader (Multiskan MK3, Thermo, USA) at a wavelength of 450 nm 

158 for optical density (OD) measurements.

159

160 2.4 Cell culture

161 Human kidney tubular epithelial cells (HK2) were provided by Professor Huiyao Lan of the 

162 Chinese University of Hong Kong. Cell lines validation was carried out by Biowing Applied 

163 Biotechnology Co. Ltd (Shanghai, China) by means of DNA Profile STR (Short Tandem Repeat). 

164 Cells were cultured in HyCloneTM DMEM/F12 medium with 5% FBS at 37◦C in humidified 5% 

165 CO2, and cells between passages 6-15 were used in experiments. Starved cells were pre-treated 

166 with Ru and its derivatives, then cells were treated with cisplatin (20μM) and incubated for 24 h. 
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167 Cells were harvested after 24 h for further analysis.

168

169 2.5 MTT assay

170 We used the MTT assay to detect cell viability. Human HK2 cells were grown in 96-well plates 

171 and treated with varying concentrations of Ru and its derivatives for 12 h, or cisplatin for 24 h 

172 before the addition of 5 mg/mL of MTT solution for 4 h. The absorbance was determined using a 

173 microplate reader (Multiskan MK3, Thermo, USA) at a wavelength of 492 nm for optical density 

174 (OD) measurements. The concentration for 50% of maximal effect (EC50) values were calculated 

175 by GraphPad Prism 5.0 software (GraphPad Software, Inc, San Diego, CA).

176

177 2.6 PDE4B knockdown in HK2 cells by transfecting siRNA

178 PDE4B siRNA (GenePharma, Shanghai, China) was transfected into human kidney TECs by 

179 adding Lipofectamine TM 2000 reagent (Invitrogen) following the manufacturer’s protocol. We 

180 used the negative scrambled siRNA (GenePharma, Shanghai, China) as a control. The diluted 

181 siRNA and Lipofectamine 2000 were combined and incubated for 15 min at 37℃ in the dark, and 

182 the mixture added to cells. After incubation for 6 h, the cells were grown in 5% FBS-containing 

183 DMEM-F12. Cells with PDE4B siRNA were cultured at 37°C in an atmosphere containing 5% 

184 CO2.

185

186 2.7 RNA extraction and real-time PCR

187 Total RNA was extracted from freshly isolated kidney tissues or cultured HK2 cells by RNA-iso 

188 reagent (TakaRa). RNA concentration was detected using the NanoDrop 2000 spectrophotometer 

189 (Thermo Scientific, USA), and cDNA prepared by reverse-transcription with RealMasterMix 

190 (TOYOBO, Japan). SYBR-Green I Real-time quantitative PCR with a CFX96 real-time RT-PCR 

191 detection system (Bio-Rad, U.S.A.) was used to determine the levels of KIM-1, IL-6, IL-8, 

192 TNF-α, PDE4B, and β-actin. The sequences of the primers are listed in Table 1.



193 PCR amplification was carried out over 40 cycles using the following conditions: denaturation at 

194 95℃ for 20 seconds, annealing at 58℃ for 20 seconds, and elongation at 72℃ for 20 seconds. 

195 The mRNA expression values were normalized to that of β-actin.

196

197 2.8 Western blotting analysis

198 Proteins from renal tissues or cells were isolated with cold RIPA-Buffer (Beyotime, Jiangsu, 

199 China), and their concentrations quantified by BCA protein kit (Beyotime, Jiangsu, China). Then, 

200 they were separated on different concentrations of SDS-PAGE gels and transferred to 

201 nitrocellulose membranes. The membrane was incubated overnight at 4℃ with primary antibodies 

202 against KIM-1, P-P65, P65, PDE4B, RIPK1, RIPK3, P-MLKL, cleaved caspase-3, and β-actin, 

203 washed, and incubated for 1.5 h at 37℃ with IRDye 800-conjugated secondary antibody 

204 (1:10,000; Rockland Immunochemicals, Gilbertsville, PA, USA). The developed band intensities 

205 were detected by LiCor/Odyssey infrared image system (LI-COR Biosciences, Lincoln, NE, 

206 USA), and images quantified using the Image J software (NIH, Bethesda, MD, USA).

207

208 2.9 Immunofluorescence assay

209 For PDE4B and cAMP immunofluorescent staining, the HK2 cell monolayers were grown on 

210 slides and fixed with 4% acetone for 10 minutes. After washing with PBS three times, they were 

211 blocked with 10% bovine serum albumin at room temperature and incubated at 4°C overnight with 

212 primary antibodies, rabbit anti-PDE4B and anti-cAMP. After washing three times, the goat 

213 anti-rabbit IgG-rhodamine (Bioss, Beijing, China) antibody was added and incubated for 1 h in the 

214 dark at room temperature. The nuclei were stained by incubation with DAPI for 5 min. After three 

215 washes with PBS, slides were imaged with an inverted fluorescence microscope (Zeiss Spot; Carl 

216 Zeiss MicroImaging GmbH, Gottingen, Germany).

217

218 2.10 Molecular docking



219 For identifying the potential interactions between the tested compound and PDE4B protein, 

220 molecular docking studies were performed using the Discovery Studio 2017 R2 (BIOVIA 

221 Software, Inc., San Diego, CA, United States). The X-ray crystal structure of PDE4B (PDB ID: 

222 3O0J) complexed with 3OJ inhibitor was obtained from the RCSB Protein Data Bank (New York, 

223 NY, USA). Protein and ligand were prepared for docking, and the CDOCKER protocol was used 

224 to identify the potential inhibitor binding site on PDE4B. The binding pocket was defined using 

225 the centre of the native ligand 3OJ, and docking parameters were set to default.

226

227 2.11 Cellular thermal shift assay (CETSA)

228 Cells were treated with or without Cpd-6c after which, RIPA lysis buffer was added. Total protein 

229 was quantified using a protein assay kit (Beyotime, Jiangsu, China), and samples adjusted to 

230 similar final concentrations. Equal aliquots were placed in different PCR tubes, and samples were 

231 denatured for 8 min at varying temperatures in the PCR instrument (Eppendorf, Germany). The 

232 samples were freeze-thawed three times using liquid nitrogen, and centrifuged; the supernatants 

233 were analysed using western blot.

234

235 2.12 DCF Assay

236 The DCF is an oxidation product of 2,7-dichlorodihydro-fluorescein diacetate, an indicator of 

237 cellular oxidation. The cells produce ROS after cisplatin treatment, measured as an increase in 

238 fluorescence from 2,7-dichlorodihydrofluorescein, and imaged at 488 nm using a fluorescence 

239 microscope (Leica, Bensheim, Germany). Cells were incubated with DCF (10 mL/L) for 20 min at 

240 room temperature in DMEM/F12 medium without FBS.

241

242 2.13 DHE Staining

243 The cellular ROS levels from the oxidation of DNA were estimated by measuring the 

244 red-fluorescent DHE product. Cells were incubated with 5 mM fresh DHE solution (Beyotime, 

245 Jiangsu, China) for 30 min at 37℃. After washing with serum-free medium, fluorescence was 

246 measured with a fluorescence microscope.



247

248 2.14 Flow cytometry

249 For evaluating apoptotic programmed cell death, both attached and floating cell population were 

250 incubated with 10 µL of annexin V-FITC and 5 µL of PI in the dark, and analysed on a BD 

251 FACSVerse flow cytometer machine (BD FACSVerse, BD Biosciences, Franklin Lakes, NJ, 

252 USA). The data were analysed by the FlowJo 7.6 software.

253

254 2.15 Histology, immunohistochemistry, and morphological assessment

255 Kidneys were collected and fixed in 4% paraformaldehyde overnight. Fixed kidney samples were 

256 embedded in paraffin and sliced into 4μm sections. The extent of the renal tubular interstitial 

257 injury was evaluated by PAS staining of paraffin sections following the manufacturer's 

258 instructions, and examined by microscope (Leica, Bensheim, Germany) at 200× magnification. 

259 The PAS-stained renal sections (n = 6‒8) were evaluated for the proximal cortical renal damage 

260 score defined by the degree of tubular necrosis, cast formation, and tubular dilation, as shown 

261 here, 0 = normal; 1 = 10%; 2 = 10-25%; 3 = 26-50%; 4 = 51-75%; 5 = 75-95%; 6 = greater than 

262 96%. For immunohistochemistry, the kidney sections were treated with 0.01 M sodium citrate 

263 buffer (pH = 6.0), and antigen retrieval was conducted using a microwave-based technique by 

264 heating sections at 95℃ for 20 min, followed by 10 min in 3% H2O2 to block endogenous 

265 peroxidase activity. Next, the sections were incubated at 4℃ with rabbit anti-TNF-α, anti-PDE4B, 

266 and anti-KIM-1 antibodies for 24 h, washed and incubated for 30 min at 37℃ with secondary 

267 antibodies. After DAPI staining, the slides were visualized under a microscope (Leica, Bensheim, 

268 Germany).

269

270 2.16 Statistical analyses

271 All data were expressed as the mean ± SEM, and the one-way analysis of variance (ANOVA) was 

272 used for data analysis, followed by Tukey’s posthoc tests using the GraphPad Prism 5 software.

273



274 3. Results

275 3.1 Rutaecarpine (Ru) and its derivatives suppress cisplatin-induced death in renal tubular 

276 epithelial cells 

277 The molecular structures of compounds are shown in Figure 1A. We used the MTT assay to 

278 assess the cytotoxicity of Ru and its derivatives and to determine the optimal concentration for use 

279 in our experiments (Figure 2A). The results of MTT assay showed that Ru treatment affected cell 

280 viability at concentrations exceeding 2 µM. However, the cell viability was unaffected at Ru 

281 concentrations of 0.25, 0.5, and 1 µM in cisplatin-treated HK2 cells. The results showed that only 

282 Cpd-6c and Cpd-6b could restore cell viability. The concentration of the Cpd-6c was less than 4.8 

283 µM while that of Cpd-6b was less than 2.4µM, and these compounds showed a minimal effect on 

284 HK2 cell viability. Meanwhile, EC50 values was 4.4µM for Cpd-6c and 9.9µM for Cpd-6b. When 

285 they at concentrations of 0.6, 1.2, 2.4µM, and 0.3, 0.6, 1.2µM, respectively, restored the viability 

286 of cisplatin-treated HK2 cells. We further assessed the effect of Cpd-6c and Cpd-6b by examining 

287 the changes in KIM-1 protein levels. The results of the western blot showed that cisplatin 

288 upregulates KIM-1, and although both Cpd-6c and Cpd-6b reduce KIM-1 expression, Cpd-6c was 

289 more effective than Cpd-6b (Figure 3A). We, therefore, chose Cpd-6c for further examination. 

290 Results showed that Cpd-6c reduces KIM-1 levels by real-time PCR and immunofluorescence 

291 (Figure 3B and 3C). In addition, we used flow cytometric analysis of PI/Annexin V stained cells 

292 to test and validate the role of Cpd-6c in protection against HK2 cell death. Flow cytometry data 

293 showed that Cpd-6c alleviates cisplatin-induced programmed cell death. Cisplatin (20μM) induced 

294 programmed cell death in TECs. However, the ratios of both annexin V-FITC+/PI+ (late apoptotic 

295 or necrotic) and annexin V-FITC+/PI- (early apoptotic) cells decreased in response to Cpd-6c 

296 treatment (Figure 3D). Moreover, the level of cleaved caspase-3 was also significantly 

297 downregulated (Figure 3E). In addition, Cpd-6c dose-dependently caused a significant decrease 

298 in signalling molecules that mediate necroptosis, RIPK1 and RIPK3 levels, and phosphorylation 

299 of the downstream mixed lineage kinase domain-like protein (MLML) in HK2 cells (Figure 3E).

300

301 3.2 Cpd-6c reduces the cisplatin-induced inflammation response 



302 We examined the p65 NF-κB phosphorylation level (Figure 4A) to assess whether Cpd-6c 

303 reduces inflammation. Moreover, real-time PCR analysis confirmed the protective effect of 

304 Cpd-6c on the inflammatory response, as evidenced by decreased levels of inflammatory 

305 cytokines such as IL-1β, IL-8, and TNF-α (Figure 4B).

306

307 3.3 Cpd-6c suppresses cisplatin-induced cell injury by attenuating NOX-mediated oxidative 

308 stress

309 Several major NOX family members, including NOX1, NOX2, and NOX4, were identified, and 

310 western blot analysis results showed that Cpd-6c treatment caused a decrease in cisplatin-induced 

311 upregulated NOX levels (Figure 4C). The results showed that Cpd-6c significantly reduced 

312 reactive oxygen species (ROS) levels in cisplatin-treated HK2 cells. DCF fluorescence in HK2 

313 cells was measured for evaluating the effect of Cpd-6c on oxidative stress (Figure 4D). 

314 Consistently, the results of DHE staining showed that superoxide levels and NOX enzyme 

315 products were inhibited by Cpd-6c (Figure 4E). 

316

317 3.4 Cpd-6c Target prediction

318 Cpd-6c target prediction was performed using the Discovery Studio 2017 (DS 2017) software. As 

319 shown in Figure 5A, the binding strength of Cpd-6c and the potential target is represented by the 

320 colour red to blue. The fit values indicate the scores of the hypothetical targets, and the top ten 

321 disease-related targets are shown in Table 2. Among these targets, the fit value of PDE4B, a 

322 critical inflammation-related target in renal injury, was high with a fit value of 0.9868 and 

323 appeared at a higher frequency, as shown in the mapping.

324

325 3.5 Cpd-6c binds directly to PDE4B as shown by CETSA and molecular docking 

326 Interestingly, we detected PDE4B release using serum from healthy volunteers and patients with 

327 AKI, result showed that the serum PDE4B content of AKI patients increased significantly, this 



328 result indicates that PDE4B may be highly involved in the pathophysiological process of AKI. 

329 (Figure 5B). Then, we verified the interaction between Cpd-6c with PDE4B, PDE4D and 

330 PDE10A proteins by performing CETSA tests, enabling us to evaluate target engagement in vivo. 

331 Results show varying levels of soluble PDE4B at denaturation temperatures ranging from 60‒70◦C 

332 with and without Cpd-6c treatment. Cells treated with Cpd-6c had significantly higher thermally 

333 stable PDE4B, indicating that Cpd-6c binds directly to the PDE4B protein (Figure 5C).

334 The mechanism by which Cpd-6c suppresses the release of inflammatory cytokines was elucidated 

335 by molecular docking analysis of the binding mode between Cpd-6c and PDE4B (PDB ID: 3O0J) 

336 (Figure 5D). The most stable binding pose in the active site of PDE4B was illustrated and 

337 analysed through 2D and 3D diagrams. The docking results for the interaction of the tested 

338 compound with PDE4B showed the highest interaction energy score of 53.6216 kcal/mol using 

339 CDOCKER_INTERACTION_ENERGY analysis. As shown in Figure 5D, the tested compound 

340 bound to the active site of PDE4B by two hydrogen bonds interacting with ASP346 and HIS234 

341 and two carbon-hydrogen bonds interacting with ASN395 and GLN443. Furthermore, other 

342 binding interactions, such as pi-sulphur, pi-pi stacked, pi-pi t-shaped, and pi-alkyl, contribute to 

343 the binding affinity. These results suggest that the anti-inflammatory activity of the tested 

344 compound might be due to its binding to the PDE4B protein

345

346 3.6 Cpd-6c attenuates PDE4B signalling in cisplatin-treated HK2 cells 

347 The bioinformatic prediction website suggests that Cpd-6c may bind to the PDE4B target. 

348 Immunofluorescence results showed significantly downregulated PDE4B levels in response to 

349 Cpd-6c treatment (Figure 5E). Additionally, cAMP levels, the substrate for PDE4B enzyme, 

350 increased significantly, as shown by immunofluorescence (Figure 5F). 

351

352 3.7 Cpd-6c suppresses in vitro cisplatin-induced cell injury by blocking a PDE4B instead of 

353 PDE10A and PDE4D-dependent mechanism

354 The PDE4B, PDE10A and PDE4D in HK2 cells was knocked down by siRNA transfection. The 



355 results showed markedly decreased PDE4B, PDE10A and PDE4D mRNA and protein levels in 

356 HK2 cells (Figure 6A-B). We showed that after PDE4B knockdown, Cpd-6c failed to reduce 

357 renal cell injury. When PDE4B was inhibited, Cpd-6c was unable to suppress KIM-1 (Figure 

358 6C-D). Results showed that although silence of PDE4D or PDE10A slightly attenuated renal 

359 injury, when PDE4D and PDE10A was loss, Cpd-6c was still able to suppress KIM-1 level 

360 (Figure 6E-F). This indicated that Cpd-6c may suppress cell injury in PDE4D or 

361 PDE10A-independent mechanism.

362

363 3.8 Cpd-6c suppresses in vitro cisplatin-induced inflammatory response and oxidative stress 

364 by blocking a PDE4B -dependent mechanism

365 When PDE4B was inhibited, Cpd-6c was unable to suppress cleaved caspase-3 levels (Figure 

366 7A). After the knockdown of PDE4B, Cpd-6c failed to reduce the renal inflammatory response 

367 further. Results showed that PDE4B inhibition significantly decreased cisplatin-induced P65 

368 protein phosphorylation, and NF-κB-mediated inflammatory response, which could not be 

369 downregulated further by Cpd-6c in the absence of PDE4B (Figure 7B). Moreover, real-time PCR 

370 showed that Cpd-6c did not further decrease the levels of inflammatory cytokines such as TNF-α, 

371 IL-1β, and IL-8 in the absence of PDE4B (Figure 7C). Importantly, we found that Cpd-6c was 

372 unable to suppresses NOX-mediated oxidative stress after PDE4B knockdown, thus indicating that 

373 Cpd-6c exerts its activity primarily through PDE4B (Figure 7D).

374

375 3.9 Targeting PDE4B with Cpd-6c leads to enhanced protection from cisplatin-induced cell 

376 injury compared to that observed using a classic PDE4 inhibitor rolipram

377 Rolipram is a well-known PDE4 inhibitor that reduces inflammation in a variety of organs, 

378 including the kidney. In this study, we evaluated the protective effect of rolipram on HK2 cell 

379 viability, and results identified an optimal rolipram concentration of 0.25μM (Figures 8A and 

380 8B). The results of western blot and real-time PCR revealed a stronger inhibitory effect on KIM-1 

381 protein and mRNA levels via selective PDE4B inhibition by Cpd-6c compared to that observed 

382 upon the broad inhibition of PDE4 by rolipram (Figures 8C and 8D). Furthermore, pre-treatment 



383 with Cpd-6c had a better suppressive effect on cisplatin-induced apoptosis, NOX-mediated 

384 oxidative stress and inflammation, compared to that of rolipram (Figures 8E-H). 

385

386 3.10 Cpd-6c inhibits cisplatin-induced acute kidney injury in mice

387 We further evaluated the renoprotective effect of Cpd-6c on cisplatin-induced AKI in mice. 

388 Cpd-6c improved renal function, as evidenced by serum creatinine and BUN values (Figures 9A 

389 and 9B). The results of PAS staining showed that Cpd-6c at concentrations of 25, 50, and 100 

390 mg/kg.day-1, reduced tubular dilation, tubular necrosis, and cast formation. Moreover, the results 

391 of PAS staining showed that Cpd-6c reduced vacuolar degeneration in renal tubular epithelial 

392 cells, renal interstitial oedema, and inflammatory cell infiltration (Figure 9C). In addition, western 

393 blot results showed marked upregulation of KIM-1—a key renal tubule injury factor—by cisplatin 

394 that decreased dose-dependently upon Cpd-6c treatment, consistent with results from real-time 

395 PCR and IHC (Figures 9D-F).

396

397 3.11 Cpd-6c ameliorates cisplatin-induced up-regulation of PDE4B and inhibits 

398 programmed cell death

399 We tested whether Cpd-6c affects PDE4B in cisplatin-treated mice by measuring PDE4B levels 

400 by western blot and immunohistochemistry. Results showed that the PDE4B levels increased in 

401 response to cisplatin, but decreased upon treatment with Cpd-6c (Figures 10A and 10B). 

402 Furthermore, Cpd-6c suppressed RIPK1-dependent necroptosis signalling, including activation of 

403 the RIPK1/RIPK3/MLKL axis, and apoptosis-correlated cleavage of caspase-3. These findings 

404 illustrated the protective effects of Cpd-6c on cisplatin-induced renal programmed cell death in 

405 vivo (Figure 10C).

406

407 3.12 Cpd-6c protects against cisplatin-induced nephropathy by ameliorates inflammatory 

408 response and NOX-mediated oxidative stress



409 We tested the anti-inflammatory effect of Cpd-6c in cisplatin-treated mice and showed that 

410 Cpd-6c reduced the mRNA levels of TNF-α, IL-1β, and IL-6 significantly (Figure 11A). Results 

411 from western blot analysis showed that Cpd-6c suppressed P65 phosphorylation in 

412 cisplatin-treated kidneys (Figure 11B). Immunohistochemistry data also showed that Cpd-6c 

413 decreased the TNF-α level (Figure 11C). Moreover, Results from western blot analysis showed 

414 that Cpd-6c inhibited NOX-mediated oxidative stress. (Figure 11D). 

415

416 3.13 Cpd-6c attenuated cisplatin-induced kidney injury in established AKI mouse model

417 To determine the therapeutic potential of Cpd-6c in an established AKI mouse model, we treated 

418 mice with Cpd-6c one day after cisplatin injection. Results show that Cpd-6c improved renal 

419 function supported by serum creatinine and BUN assays (Figure 12A and 12B). PAS staining 

420 also showed Cpd-6c attenuated kidney damage (Figure 12C). This was further supported by 

421 results from western blot of KIM-1 (Figure 12D).

422

423 4. Discussion

424 Recently, AKI has been found to be associated with high incidence and mortality rates, especially 

425 among inpatients; however, the best treatment strategy is yet to be discovered (4, 23). In this 

426 study, we showed that Cpd-6c was more effective in alleviating nephrotoxic AKI by suppressing 

427 renal inflammatory response and renal oxidative stress by interacting with PDE4B, a newly 

428 identified pro-inflammatory enzyme in cisplatin-induced nephropathy. 

429

430 Ru is a quinazoline carboline alkaloid isolated as one of the active ingredients of the medicinal 

431 plant Evodia rutaecarpa (25). Ru has been reported to reduce inflammation, and to inhibit the 

432 release of oxygen free radicals and adhesion molecules while regulating immunity (26) in several 

433 diseases. Ru targets VEGFR2 to inhibit angiogenesis and protects HPASMCs against hypoxia 

434 partly via the HIF-1α-dependent signalling pathway (13, 20). In addition, Ru has a significant 

435 effect on the proliferation and apoptosis of human tumour cells (27-29). However, the role of Ru 



436 in nephrotoxic renal injury and enhancement of its renoprotective effect by modifying its chemical 

437 configuration requires further research. In this study, the relationship between its 

438 structure-activity, by modifying its structure to improve its selectivity and reduce its side effects 

439 was examined by attaching an aromatic sulphonamide group at the 3-position of Ru. Among them, 

440 Cpd-6c, containing –OCH3 at the C2 and C3 positions of the benzene ring, showed a significantly 

441 increased renoprotective effect, antioxidant and anti-inflammatory activity compared to that of the 

442 parent drug and other derivatives with thiophene rings.

443

444 In the present study, we showed the in vivo and in vitro anti-inflammatory activity of Cpd-6c on 

445 cisplatin-induced damage. Inflammation is a complex biological response necessary for 

446 eliminating microbial pathogens, and to repair damaged tissue. AKI is a systemic 

447 inflammation-related condition. Therefore, understanding the underlying cellular and molecular 

448 mechanisms of inflammation enables the identification of effective treatments to prevent or treat 

449 AKI. Recent research identified multiple AKI-associated inflammatory response signals, including 

450 the molecular signals released by dying cells, the role of pattern recognition receptors, the diverse 

451 subtypes of resident and recruited immune cells, and the phased transition from destructive to 

452 reparative inflammation (30). Cpd-6c treatment of mice with cisplatin-induced AKI showed 

453 significantly suppressed inflammation, 

454

455 The current study results also showed that Cpd-6c inhibits oxidative stress by reducing ROS 

456 production in TECs and in renal tissues treated with cisplatin. There is substantial evidence that 

457 oxidative damage to renal tissue and tubular cells is associated with AKI. During the onset of 

458 AKI, ROS levels increase early and involve in the pathological processes of different types of 

459 AKI(31, 32). Increased oxidative damage and decreased tissue antioxidant status will occur after 

460 renal ischemia or nephrotoxicity(33).Oxidative stress refers to the serious imbalance between free 

461 radical production and antioxidant defence when the body is subjected to various harmful stimuli, 

462 which leads to tissue damage. Existing evidence shows the involvement of oxidative stress in the 

463 pathogenesis of cisplatin-induced nephrotoxicity (34). NADPH oxidase—a membrane-bound 



464 protein—and ROS in the kidney are produced through NADPH when it transfers electrons across 

465 biological membranes (10, 35). NOXs 1–5, DUOX1, and 2 belong to the NOX family. The NOX2 

466 and NOX4 are expressed highly in the kidney, although NOX4 is the dominant form with critical 

467 roles in renal oxidative stress and kidney damage (22, 31, 36, 37). Inflammation is closely related 

468 to oxidative stress, and emerging evidence shows that severe inflammatory response triggers 

469 tissue injury and causes excessive ROS production (22, 38). Treatment with Cpd-6c reduced 

470 inflammation and oxidative stress.

471

472 Additionally, we found that Cpd-6c alleviates cisplatin-induced programmed cell death 

473 significantly, especially necroptosis and apoptosis. Necroptosis is a type of programmed cell death 

474 characterised by an impaired plasma membrane that allows cell contents to escape, leading to 

475 inflammation (9, 39, 40). Necroptosis is a receptor-interacting protein kinase (RIPK)1-dependent 

476 process and is regulated by RIPK3 and its substrate mixed lineage kinase domain-like protein 

477 (MLKL). Compared to apoptosis, necroptosis plays a more critical role in the inflammatory 

478 response of renal TECs (41-43). As the cell membrane collapses, several damage-associated 

479 molecular patterns (DAMPs), including heat-shock proteins, uric acid, high-mobility group box 1 

480 (HMGB1), and IL-33 are released (11, 34). These DAMPs trigger renal inflammation-related 

481 signalling pathways by interacting with specific receptors resulting in renal inflammation and 

482 necroinflammation, causing more necroptosis in the injured kidney, thus forming a 

483 positive-feedback loop (41, 44). In addition, previous studies have shown that ROS increases 

484 cellular oxidative stress, which in turn leads to DNA damage and programmed cell death(31). 

485 ROS scavengers can significantly reduce hypoxia/reoxygenation-induced cell necrosis(45). 

486 Importantly, we found that Nox-mediated oxidative stress is closely related to programmed cell 

487 death(22).

488

489 Another important finding of the current study is PDE4B could be used as a novel target for 

490 cisplatin-induced renal inflammation and oxidative stress. The phosphodiesterase 4 (PDE4) family 

491 comprises four genes, PDE4A, B, C, and D, which encode more than 20 isoforms (46-48). Cyclic 



492 nucleotide phosphodiesterase enzymes (PDEs) negatively regulate cyclic adenosine 

493 monophosphate (cAMP) levels and covert cAMP into 5'-adenosine monophosphate (AMP) 

494 (49-51). cAMP is a key modulator of cellular homeostasis that regulates vascular tension and 

495 endothelial permeability, thereby contributing to immune cell activation and inflammation (49, 

496 52-54). Following spinal cord injury, PDE4B plays a critical role in the progression of acute and 

497 chronic local inflammatory response, as well as that of systemic response aggravated by gut 

498 dysbiosis and endotoxemia (55). As cAMP is known to be a critical mediator of many renal 

499 functions, including solute transport, regulation of vascular tone, the proliferation of parenchymal 

500 cells, and inflammation, some studies have shown the therapeutic potential of a targeted PDE4 

501 inhibitor in progressive renal disease (56, 57). Rolipram, a PDE4 inhibitor, restores renal function 

502 in patients with sepsis, despite the production of oxidants even with delayed treatment (58). Drug 

503 discovery and clinical development studies on PDE4 inhibitors such as rolipram were performed 

504 in the 1980s, but were hampered severely due to significant side-effects such as nausea and emesis 

505 (52, 56, 59). PDE4B is the primary phosphodiesterase involved in inflammation; However, its 

506 selective inhibitor has not yet been developed. 

507

508 In the current study, results show that Cpd-6c plays an effective role in renal protection; we 

509 further identified its mechanisms of action. The molecular targets of Cpd-6c were predicted using 

510 the DS software. Cpd-6c interaction with PDE4B was identified through computer-aided 

511 simulation. Target engagement (TE) is a critical factor for evaluating drug potential during its 

512 development. The intracellular TE could be measured by cellular thermal shift assay (CETSA) at 

513 all stages of drug development (43, 60). To determine whether PDE4B, PDE10A or PDE4D are 

514 the potential drug targets, the result of CETSA showed that cells treated with Cpd-6c didn’t have 

515 significantly higher thermally stable PDE4D and PDE10A, indicating that Cpd-6c didn’t bind 

516 directly to the PDE4D and PDE10A proteins. On the contrary, the thermal stability of PDE4B 

517 protein was significantly improved in Cpd-6c treated cells, indicating that Cpd-6c directly bound 

518 to PDE4B protein. The most stable binding pose in the active site of PDE4B was illustrated and 

519 analysed through molecular docking. Importantly, we first found that PDE4B was up-regulated 

520 significantly in the serum of AKI patients which indicates that PDE4B may be highly involved in 



521 the initiation and progression of AKI. 

522

523 Currently, we confirmed cisplatin-induced upregulation of PDE4B protein level in vitro 

524 cisplatin-treated HK2 cells as well as in vivo cisplatin-induced nephropathy were substantially 

525 reversed by Cpd-6c treatment. Additionally, we showed that PDE4B, PDE10A and PDE4D 

526 knockdown or treatment with rolipram attenuated cisplatin-induced renal inflammation and 

527 programmed cell death. At the same time, we also detected whether Cpd-6c functions through 

528 PDE4B, PDE10A or PDE4D. In vitro results from PDE4B knockdown cells indicated that Cpd-6c 

529 showed no further reduction in cisplatin-induced high levels of KIM-1, cleaved caspase-3, and 

530 production of inflammatory factors. However, when PDE4D and PDE10A was loss, Cpd-6c was 

531 still able to suppress KIM-1 level. We confirmed that Cpd-6c suppresses cisplatin-induced cell 

532 injury by blocking a PDE4B instead of PDE10A and PDE4D-dependent mechanism. Importantly, 

533 for the first time, we found that silencing PDE4B also reduces oxidative stress in AKI. In our 

534 previous study, we found that Protocatechuic Aldehyde blocks cisplatin-induced AKI by 

535 suppressing Nox-mediated oxidative stress and RIPK1 inhibitor Cpd-71 attenuates renal 

536 dysfunction in cisplatin-treated mice via attenuating necroptosis and oxidative stress(10, 60), and 

537 here we discovered Cpd-6c relieves oxidative stress injury through PDE4B-dependent pathway. 

538 The above results suggest that Cpd-6c may exert its anti-inflammatory and antioxidant role in 

539 cisplatin-induced nephrotoxicity by targeting PDE4B. Additionally, reduced PDE4B protein levels 

540 observed in response to Cpd-6c in the cisplatin-treated group may be the result of an indirect 

541 effect of decreased inflammation leading to lower PDE4B level in a positive feedback loop, and 

542 warrants further investigation. Furthermore, our results showed an enhanced therapeutic effect of 

543 Cpd-6c compared to that of the classical PDE4 inhibitor, rolipram, in cisplatin-stimulated tubular 

544 epithelial cells. Considering the low cytotoxicity of Cpd-6c, it may serve as a potential therapeutic 

545 agent against nephrotoxic AKI.

546

547 Collectively, our study confirms the renoprotective effect of Cpd-6c on cisplatin-induced AKI by 

548 targeting PDE4B-dependent inflammation and oxidative stress. Therefore, inhibiting the 



549 expression of PDE4B with Cpd-6c could be considered as a potential and novel therapeutic 

550 strategy for AKI. 
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763 Figure Legends

764

765 Figure 1. The formula of rutaecarpine and 3-aromatic sulphonamide-substituted 
766 rutaecarpine derivatives (A) The molecular formula and structure of rutaecarpine and 3-aromatic 
767 sulphonamide-substituted rutaecarpine derivatives. (B)1H NMR, 13C NMR and HRMS spectra 
768 for Cpd-6c.

769

770 Figure 2. Effect of rutaecarpine and its derivatives on cisplatin-treated HK2 cell viability. 
771 (A) Effect of varying concentrations of rutaecarpine and its derivatives on HK2 cell viability and 
772 cisplatin-treated HK2 cell viability (MTT assay). *p < 0.05, **p < 0.01, ***p < 0.001 compared to 
773 the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the cisplatin-treated group. 
774 Abbreviation: Cis, cisplatin 

775

776 Figure 3. Effect of Cpd-6c and Cpd-6b on cell injury. (A) Western blot analysis of KIM-1 in 
777 HK2 cells. (B) Real-time PCR analyses of KIM-1 mRNA levels. (C) IF of KIM-1 in HK2 cells. 
778 (D) PI/Annexin-V flow cytometry. (E) Quantitative western blot data analysis. Data represent the 
779 mean + SEM for 3‒4 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to 
780 the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to the cisplatin-treated group. Scale 
781 bar = 100μm. Abbreviation: Cis, cisplatin 

782

783 Figure 4. Cpd-6c inhibits cisplatin-induced inflammation and oxidative stress in HK2 cells.

784 (A) Quantitative data analysis of western blot of P-P65. (B) Real-time PCR analyses of renal 



785 TNF-α, IL-1β, and IL-8 mRNA levels. (C) Quantitative western blot data analysis of 
786 cisplatin-treated HK2 cells. (D) DCF assay for reactive oxygen species. (E) DHE staining for 
787 intracellular ROS levels. Data represent the mean ± SEM for 3–4 independent experiments. *p < 
788 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 
789 compared to cisplatin-treated group. Scale bar = 100μm. Abbreviation: Cis, cisplatin 

790

791 Figure 5. Prediction of Cpd-6c molecular targets. (A) Profiling of the predicted protein targets 
792 of Cpd-6c via DS 2017. The y-axis represents the compound Cpd-6c, and the x-axis indicates the 
793 predicted pharmacophore models (pharmacological targets) of Cpd-6c. The colour from blue to 
794 red represents a high fit value and a better fit. (B) ELISA experiments using serum from healthy 
795 volunteers and patients with AKI to detect PDE4B release. (C) CETSA analysis of the 
796 stabilization of PDE4B with or without Cpd-6c treatment. (D) Molecular docking. (E) IF of 
797 PDE4B in HK2 cells. (F) IF of cAMP in HK2 cells. Data represent the mean ± SEM for 3–4 
798 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, 
799 ##p < 0.01, ###p < 0.001 compared to cisplatin-treated group. Scale bars = 100μm. Abbreviation: 
800 Cis, cisplatin

801

802 Figure 6. Cpd-6c fails to further reduce the cisplatin-induced cell injury in PDE4B instead of 
803 PDE10A and PDE4D-silenced HK2 cells. (A) Real-time PCR (B) Quantitative western blot 
804 analysis. (C) Quantitative data analysis of western blot of PDE4B in cisplatin-treated HK2 cells. 
805 (D) Quantitative data analysis of western blot of KIM-1 in PDE4B-silenced HK2 cells. (E) 
806 Real-time PCR. (E) Quantitative data analysis of western blot of KIM-1 in PDE4D-silenced HK2 
807 cells. (F) Quantitative data analysis of western blot of KIM-1 in PDE10A-silenced HK2 cells. 
808 Data represent the mean ± SEM for 3–4 independent experiments. *p < 0.05, **p < 0.01, ***p < 
809 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the PDE4B EV 
810 group. $p < 0.05, $$p < 0.01, $$$p < 0.001 compared to the cisplatin-treated group. Abbreviation: 
811 Cis, cisplatin. EV, empty vector; KD, knockdown 

812

813 Figure 7. Cpd-6c fails to reduce the cisplatin-induced cell death, inflammatory response and 
814 oxidative stress in PDE4B-silenced HK2 cells further. (A) Quantitative data analysis of western 
815 blot of cleaved caspase-3. (B) Quantitative data analysis of western blot of P-P65. (C) Real-time 
816 PCR of TNF-α, IL-1β, IL-8 in mRNA levels. (D) Quantitative data analysis of western blot of 
817 NADPH oxidase proteins. Data represent the mean ± SEM for 3–4 independent experiments. *p < 
818 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 
819 compared to PDE4B EV group. $p < 0.05, $$p < 0.01, $$$p < 0.001 compared to cisplatin-treated 
820 group. Abbreviation: Cis, cisplatin; EV, empty vector; KD, knockdown 

821



822 Figure 8. Targeting PDE4B with Cpd-6c exhibits a superior protective effect in 
823 cisplatin-induced cell injury compared to that observed upon using the classical PDE4 
824 inhibitor rolipram.

825 (A) Effect of varying concentrations of rolipram on HK2 cell viability (MTT assay). (B) Rolipram 
826 restores the viability in cisplatin-treated HK2 cells (MTT assay). (C) and (D) Cpd-6c exerts a 
827 stronger suppressive effect on KIM-1 than rolipram. (E) Cpd-6c displays a greater inhibitory 
828 effect on cisplatin-induced apoptosis compared to rolipram. (F) and (G) Cpd-6c exhibits a stronger 
829 inhibitory effect on inflammation than rolipram. (H) Cpd-6c displays a greater inhibitory effect on 
830 cisplatin-induced oxidative stress compared to rolipram. Data represent the mean ± SEM for 3–4 
831 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control. #p < 0.05, 
832 ##p < 0.01, ###p < 0.001 compared to the cisplatin-treated group. Abbreviation: Cis, cisplatin 
833

834 Figure 9. Cpd-6c prevents in vivo cisplatin-induced renal injury and a decline in renal 
835 function. (A) Serum creatinine. (B) BUN. (C) PAS staining and score. (D), (E), and (F) Western 
836 blot analysis, real-time PCR, and immunohistochemistry of KIM-1. Data represent the mean ± 
837 SEM for 3–4 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the 
838 control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to cisplatin-treated group. Scale bar = 
839 100μm. Abbreviation: Cis, cisplatin 

840

841 Figure 10. Cpd-6c decreases PDE4B level and programmed cell death in cisplatin 
842 nephropathy.

843 (A)and(B)western blot analysis and immunohistochemistry of PDE4B. (C) Quantitative data 
844 analysis of western blot of RIPK1, RIPK3, p-MLKL, and cleaved caspase-3. Data represent the 
845 mean ± SEM for 6–8 mice. Data represent the mean ± SEM for 6–8 mice. *p < 0.05, **p < 0.01, 
846 ***p < 0.001 compared to control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to model. Scale 
847 bar = 100μm. Abbreviation: Cis, cisplatin

848

849 Figure 11. Cpd-6c attenuates in vivo cisplatin-induced renal inflammation and oxidative 
850 stress.

851 (A) Real-time PCR of inflammation indices. (B) Quantitative data analysis of western blot of 
852 P-P65. (C) Immunohistochemistry of TNF-a. (D) Quantitative data analysis of western blot of 
853 NOX1, NOX2, and NOX4. Data represent the mean ± SEM for 6–8 mice. Data represent the mean 
854 ± SEM for 6–8 mice. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control. #p < 0.05, ##p < 
855 0.01, ###p < 0.001 compared to model. Scale bar = 100μm. Abbreviation: Cis, cisplatin

856

857 Figure 12. Cpd-6c attenuated cisplatin-induced kidney injury in established AKI mouse 



858 model. (A) Serum creatinine. (B) BUN. (C) PAS staining and score. (D) Western blot analysis of 
859 KIM-1. Data represent the mean ± SEM for 3–4 independent experiments. *p < 0.05, **p < 0.01, 
860 ***p < 0.001 compared to the control. #p < 0.05, ##p < 0.01, ###p < 0.001 compared to 
861 cisplatin-treated group. Scale bar = 100μm. Abbreviation: Cis, cisplatin 

862

863 Table 1. Primer sequences used in real-time PCR

Genes Forward primer (5'–3') Forward primer (5'–3')
Human IL-8 AGGACAAGAGCCAGGAAGAA ACTGCACCTTCACACAGAGC

Human TNF-α CCCAGGGACCTCTCTCTAATCA GCTACAGGCTTGTCACTCGG
Human KIM-1 CTGCAGGGAGCAATAAGGAG TCCAAAGGCCATCTGAAGAC
Human β-actin CGCCGCCAGCTCACCATG CACGATGGAGGGGAAGACGG

Mouse IL-6 GAGGATACCACTCCCAACAGACC
AAGTGCATCATCGTTGTTCATAC

A
Mouse MCP-1 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
Mouse KIM-1 CAGGGAAGCCGCAGAAAA GAGACACGGAAGGCAACCAC

Mouse TNF-a CATCTTCTCAAAATTCGAGTGACAA
TGGGAGTAGACAAGGTACAACC

C
Mouse β-actin CATTGCTGACAGGATGCAGAA ATGGTGCTAGGAGCCAGAGC

864

865

866 Table 2. Top ten putative protein targets of Cpd-6c predicted using Discovery Studio 2017

Rank PDB ID a Putative Target Fit Value b

1 1tbb cAMP-specific 3',5'-cyclic phosphodiesterase 4D 0.9933
2 1xlx cAMP-specific 3',5'-cyclic phosphodiesterase 4B 0.9868
3 2o8h Phosphodiesterase-10A 0.9864
4 1xlz cAMP-specific 3',5'-cyclic phosphodiesterase 4B 0.9846
5 7std Scytalone dehydratase 0.9830
6 2gz7 Replicase polyprotein 1ab 0.9799
7 2jh6 Thrombin 0.9762
8 1t47 4-hydroxyphenylpyruvate dioxygenase 0.9727
9 3lbj MDM4 protein 0.9660
10 3b3k Peroxisome proliferator-activated receptor gamma 0.9644
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