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ABSTRACT 26 

Nephrotoxicity is a known clinical complication of cisplatin that limits the use of 27 

this potent antitumour drug. Cyclic nucleotide phosphodiesterases (PDEs) play 28 

complex roles in physiology and pathology. PDE4, which is a member of the PDE 29 

family, has four subtypes (PDE4A-D), and PDE4B plays an important role in 30 

inflammation. Thus, in the present study, we investigated the effect of PDE4/PDE4B 31 

inhibition on renal function and inflammation in a cisplatin nephrotoxicity model. In 32 

mice, cisplatin enhanced the mRNA and protein expression of PDE4B in the renal 33 

tubules. After treatment with the PDE4 inhibitor cilomilast, cisplatin-induced renal 34 

dysfunction, renal tubular injury, tubular cell apoptosis, and inflammation were all 35 

improved. Next, after silencing PDE4B in vivo, we observed a protective effect 36 

against cisplatin nephrotoxicity similar to that of the PDE4 inhibitor. In vitro, 37 

cisplatin-induced renal tubular cell death was strikingly ameliorated by the PDE4 38 

inhibitor and PDE4B knockdown along with the blockade of the inflammatory 39 

response. Considering the known roles of some cell survival pathways in antagonizing 40 

insults, we examined the levels of the PDE4-associated proteins Sirt1, PI3K, and 41 

phosphorylated AKT in cisplatin-treated renal tubular cells with or without cilomilast 42 

treatment. Strikingly, cisplatin treatment downregulated the expression of the above 43 

proteins, and this effect was largely abolished by the PDE4 inhibitor. Together, these 44 

findings indicate the beneficial role of PDE4/PDE4B inhibition in treating cisplatin 45 

nephrotoxicity, possibly through antagonizing inflammation and restoring cell 46 

survival signalling pathways.  47 
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 49 

INTRODUCTION 50 

Cisplatin is a widely used chemotherapeutic agent for treating solid tumors. 51 

However, the application of cisplatin has many side effects, including nephrotoxicity, 52 

ototoxicity, nausea and vomiting, and neurotoxicity. Nephrotoxicity occurs in 53 

approximately one-third of patients after a single dose of therapy of cisplatin (50-100 54 

mg/m2), and nephrotoxicity can result in acute kidney injury (AKI), which is 55 

characterized by high morbidity and high mortality(25, 26) . A large number of studies 56 

have confirmed that AKI is an important risk factor for the occurrence and 57 

progression of chronic kidney disease (CKD)(2) . Currently, there is no satisfactory 58 

treatment for AKI, including cisplatin nephrotoxicity. 59 

Cyclic adenosine monophosphate (cAMP) is an important second signaling 60 

molecule in cells. The balance of intracellular cAMP levels is mainly dependent on 61 

two enzymes: Adenyl cyclase (AC), which plays a major role in cAMP synthesis and 62 

cyclic nucleotide phosphodiesterases (PDEs), which mainly function in hydrolysis 63 

(33). In mammals, PDEs can be divided into 11 families, namely, PDE1-PDE11(35) . 64 

Among them, PDE4 hydrolyses cAMP specifically. PDE4 has four subtypes, namely, 65 

PDE4A, PDE4B, PDE4C, and PDE4D, which are encoded by four independent genes: 66 

A, B, C, and D (11) .  67 

Studies have confirmed that the inhibition of PDE4 can inhibit multiple 68 

inflammatory responses in vitro and in vivo. PDE4 inhibitors have been developed 69 
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and confirmed to be having anti-inflammatory effects in various animal models of 70 

diseases, including asthma, chronic obstructive pulmonary disease (COPD), psoriasis, 71 

inflammatory bowel disease and rheumatoid arthritis(36) . Some PDE4 inhibitors 72 

have been tested in clinical trials for asthma and COPD (5, 21, 37) . 73 

Some researchers have suggested that PDE4B, which is also the major PDE4 74 

subtype in monocytes and neutrophils, but not other subunits, plays a major role in 75 

triggering inflammation(39) , and non-selective inhibitors of PDE4B are commonly 76 

used to interfere with inflammatory lung disease (8) . Gene knockout experiments 77 

have shown  that the knockdown of PDE4B reduces LPS-induced TNF-α expression, 78 

but knocking out PDE4D does not affect TNF-α expression (14) , suggesting that 79 

PDE4B may be more important than other subtypes of PDE4 in the process of 80 

inflammation. PDE4 inhibitors can improve kidney damage by increasing cAMP 81 

expression after renal ischemia-reperfusion injury in rats (23) . In mouse unilateral 82 

ureteral obstruction (UUO) models, PDE4 inhibitors can reduce renal interstitial 83 

fibrosis and TGF-β1-induced RTEC (renal tubular epithelial cells) damage in vitro(6). 84 

However, the role of PDE4/PDE4B in cisplatin-induced AKI is still unclear, and 85 

whether its inhibitors can improve cisplatin-induced renal damage remains to be 86 

further explored.                                                                      87 

In this study, a PDE4 inhibitor and PDE4B silencing were used to investigate the 88 

roles of PDE4/PDE4B on cisplatin nephrotoxicity in both mouse and cell models. 89 

 90 

 91 

Downloaded from www.physiology.org/journal/ajprenal at Biblio Interuniversitaire De Sante (193.051.085.197) on January 25, 2020.



 

5 
 

MATERIAL AND METHODS 92 

Chemicals and kits. Cilomilast (N98% pure) was purchased from Selleck. 93 

Dulbecco's modified Eagle's medium (DMEM), foetal bovine serum (FBS), and 94 

trypsin solution (EDTA) were purchased from Gibco (Invitrogen, Grand Island, NY). 95 

Antibodies against PDE4A (Cat.No.16226-1-AP), PDE4C (Cat.No.21754-1-AP), 96 

PDE4D (Cat.No.12918-1-AP) and PI3K (Cat.No.20584-1-Ig) were provided by 97 

Protein Tech (Chicago, IL, USA). Antibodies against BAX (Cat.No.14796), caspase-3 98 

(Cat.No.9662), cleaved caspase-3 (Cat.No.9664), Sirt1 (Cat.No.8469), AKT 99 

(Cat.No.4685), phospho-AKT (pAKT) (Cat.No.4060) and GAPDH (Cat.No.3683), 100 

were all from Cell Signaling Technology (Danvers, MA, USA). Antibodies against 101 

NGAL (Cat.No.ab63929) and PDE4B (Cat.No.ab14611) (22) were purchased from 102 

Abcam (Cambridge, MA, USA). A horseradish peroxidase (HRP)- conjugated goat 103 

anti-rabbit secondary antibody was also obtained from Cell Signaling Technology 104 

(Danvers, MA, USA). 105 

Experimental animals. Adult male C57BL/6 mice (6-8 weeks old) were purchased 106 

from the Mode Animal Research Center of Nanjing University (Nanjing, China) and 107 

used for our studies. The animals were housed at the animal facilities of the 108 

Experimental Animal Center of Nanjing Medical University with free access to food 109 

and water and under a 12 h light-dark cycle (lights on at 6:00 a.m. and lights off at 110 

6:00 p.m.). All animal procedures were approved by the Nanjing Medical University 111 

Institutional Animal Care and Use Committee (registration number: IACUC1809017). 112 

We administered 2 different treatments. First, we pretreated mice with cilomilast (30 113 
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mg/kg) by i.p. injection for 24 h and then administered a single i.p. injection of 114 

cisplatin (20 mg/kg). Cilomilast was continuously administered for the next 3 days 115 

until the animals were sacrificed (after cisplatin injection for 3 days). Second, we 116 

designed short hairpin RNAs (sequence: 117 

TGACACCTTTGTAACCTACATGATGACTTTAGAAGACCATT) to silence 118 

PDE4B (shPDE4B) with empty vectors as negative control (NC). 60 μg of shPDE4B 119 

or NC plasmids was administered to mice within 10 s via tail vein injection. After 36 120 

h, cisplatin was administered as described above. All mice were sacrificed 72 h after 121 

cisplatin injection. The blood was collected, and the isolated serum was stored at 122 

-80°C. Kidney tissues for histological analysis were fixed in 4% paraformaldehyde 123 

(PFA). The remaining kidney tissues were stored at -80°C for mRNA and protein 124 

analysis. 125 

Measurement of serum creatinine and blood urea nitrogen. Thirty-six hours after 126 

cisplatin injection, blood was collected from the inferior vena cava and centrifuged at 127 

3000 rpm for serum collection. The levels of serum creatinine (SCr) and blood urea 128 

nitrogen (BUN) were determined using a serum biochemical autoanalyzer (Hitachi 129 

7600 modular chemistry analyzer, Hitachi Ltd., USA). 130 

Periodic acid-Schiff staining. The fresh kidneys were removed and fixed with 4% 131 

paraformaldehyde at room temperature for 24 h and then embedded in paraffin. The 132 

tissues were sliced into 3-μm sections, stained with periodic acid-Schiff (PAS) and 133 

examined by light microscopy. The pathological parameters used for the tubular 134 

injury scoring included tubular dilatation, cast formation, brush border loss, and 135 
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tubular cell necrosis. A minimum of 10 fields from each kidney slide were examined 136 

and scored for pathological injury. Degree of injury was graded on a scale from 0 to 4: 137 

0, normal; 1, mild injury, <25% damage; 2, moderate injury, 25–50% damage; 3, 138 

severe injury, 50–75% damage; and 4, almost all tubules in field of view were 139 

damaged, >75% damage. 140 

Immunohistochemistry. Paraffin-embedded kidney sections (3 μm) were stained 141 

with PDE4B (1:100) to observe localization and expression. Briefly, the sections were 142 

deparaffinized, and hydrated, and the endogenous peroxidase activity was inactivated 143 

by 5% H2O2. The sections were further blocked with blocking solution (Beyotime, 144 

Hangzhou, China) for 1h at room temperature following antigen retrieval and were 145 

then incubated with a rabbit monoclonal primary antibody PDE4B overnight at 146 

4°C.The next day, the sections were washed 3 times with PBS. Then ENV (Dako, 147 

K5007) was added to each section and incubated for 30 min at 37°C. PDE4B was 148 

visualized with DAB (Dako, K5007). The sections were stained with haematoxylin to 149 

show the nucleus and were dehydrated and mounted with neutral balsam. Images 150 

were obtained using an Olympus BX51 microscope (Olympus, Center Valley, PA), 151 

and the signals were analysed using Image-Pro Plus software analysis tools.      152 

TUNEL Assay. TUNEL assays were performed on paraffin-embedded tissue 153 

sections with an in situ apoptosis detection kit according to the manufacturer’s 154 

instructions (Vazyme). Green fluorescence was detected by fluorescence microscopy 155 

identify apoptotic cells. 156 

Cell culture and treatment. Mouse renal tubule epithelial cells (RTECs) were 157 
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obtained from the American Type Culture Collection (ATCC, Manassas, VA). The 158 

cells were cultured in DMEM/F-12 (Wisent, Canada) supplemented with 10% foetal 159 

bovine serum (Gibco), penicillin (100 U/mL) and streptomycin (100 μg/mL) and 160 

maintained at 37 °C in 5% CO2 in a humidified incubator. The cells were grown to 80% 161 

confluence and pretreated with cilomilast for 40 min. Then, cisplatin (5 μg/mL) was 162 

added to the serum-free medium to stimulate the RTECs for 24 h. The RTECs were 163 

grown to 60-70% confluence and transfected shPDE4B or NC, and cisplatin was 164 

administered after transfection. All cells were collected 24 h after treatment with 165 

cisplatin.   166 

RNA isolation and real-time quantitative PCR. Total RNA from kidney cortex 167 

tissues and cells was isolated using TRIzol reagent (TaKaRa). cDNA was generated 168 

from 1 μg of total RNA using PrimeScript™ Reverse Transcriptase (TaKaRa 169 

Biotechnology Co., Ltd., Dalian, China). Quantitative PCR was subsequently carried 170 

out using SYBR Green Master Mix (Vazyme, Nanjing, China) on a QuantStudio 3 171 

Real-time PCR System (Applied Biosystems, Foster City, CA, USA). The cycling 172 

program consisted of a preliminary denaturation (95°C for 10 min), followed by 40 173 

cycles (95°C for 15 s and 60°C for 1 min).The relative mRNA levels were normalized 174 

to the levels of GAPDH and calculated using the comparative cycle threshold (ΔΔCt) 175 

method. The primer sequences are shown in Table 1. 176 

Western blotting. Kidney cortex tissue and RTECs were lysed using RIPA buffer 177 

supplemented with protease and phosphatase inhibitors at 4°C for 30 min. The 178 

samples were centrifuged at 12,000 rpm for 5 min in a 4°C centrifuge. The protein 179 
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concentration was detected with a BCA Protein Assay Kit (Beyotime). Then, the 180 

proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred 181 

onto polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were then 182 

blocked in 5% nonfat dry milk with Tris-buffered saline/Tween-20 (TBST) at room 183 

temperature. 184 

ELISA for IL-6. Serum IL-6 levels were evaluated by an ELISA kit 185 

(E-EL-M0044c, Elascience, China) according to the manufacturer’s protocol.  186 

Annexin double staining. After treatment, cells were washed three times with PBS, 187 

trypsinized and then centrifuged (1500 rpm at room temperature) for 5 min, adjusted 188 

to 5 × 104/ml and double-stained with annexin V-FITC/PI or V-PE/7-AAD (Apoptosis 189 

Detection Kit, BD Biosciences, San Diego, CA) according to the manufacturer's 190 

instructions(40). After incubation for 15 min at room temperature in the dark, the 191 

fluorescent intensity was measured using a flow cytometer (BD Biosciences, San 192 

Diego, CA). The values of Q2 and Q3 represented total apoptotic rate of cells. 193 

Cyclic adenosine monophosphate (cAMP) measurement. The cAMP 194 

concentrations of kidney tissues were measured by an enzyme-linked immunosorbent 195 

assay (ELISA) following the manufacturer’s protocol (Mouse/rat cAMP Parameter 196 

Assay Kit, KGE 012B; R&D system; Minneapolis, MN, USA)(7).  197 

Statistical analysis. Statistical analysis was performed using GraphPad 6.0 198 

statistical software. The results are expressed as the mean ± SEM. Statistically 199 

significant differences were determined by ANOVA followed by Bonferroni's multiple 200 

comparison test or Student's t-test using GraphPad Prism 6 software. A value of P < 201 
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0.05 was considered significant. 202 

RESULTS 203 

1. Expression of PDE4 subtypes in cisplatin-induced AKI in vivo 204 

First, we examined the expression of PDE4 subtypes in mice with 205 

cisplatin-induced AKI by qRT-PCR and Western blotting. We found that PDE4B and 206 

PDE4D mRNA levels were both upregulated and increased 4.86-fold and 2.91-fold, 207 

respectively. However, there were no significant differences in PDE4A or PDE4C 208 

levels (Fig. 1a). The Western blotting results showed that only PDE4B protein 209 

expression was obviously increased (Fig.1b & c). Immunohistochemical result also 210 

indicated that PDE4B was increased in the kidneys of cisplatin-treated mice (Fig.1d). 211 

These results indicate that PDE4/PDE4B may play an important role in 212 

cisplatin-induced AKI.  213 

 214 

2. Cilomilast significantly improved cisplatin-induced renal dysfunction, renal 215 

pathological damage and renal tubular injury in vivo. 216 

It was well established that a single injection of cisplatin at a dose of 20 mg/kg 217 

body weight into mice can cause obvious renal injury, as shown by tubular cell 218 

apoptosis, necrosis, and cast formation, and lead to renal dysfunction (15) . To 219 

investigate the role of PDE4 in AKI, we pretreated mice with the PDE4 inhibitor 220 

cilomilast (30 mg/kg) and induced AKI by the intraperitoneal injection of cisplatin 20 221 

mg/kg) 24 h later. The mice were sacrificed 72 h after cisplatin injection. Considering 222 

the important role of PDE4B in inflammation, we further examined whether PDE4B 223 
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expression is decreased after cilomilast treatment. Western blotting and quantitative 224 

analysis showed that the PDE4 inhibitor cilomilast significantly inhibited the 225 

upregulation of PDE4B protein by cisplatin (Fig. 2a & b). The reduction of PDE4A 226 

was also restored by cilomilast (Fig. 2a & c), while the dysregulation of other PDE4 227 

subtypes was not rescued (Fig. 2a, d & e). Seventy-two hours after cisplatin injection, 228 

the reduction of cAMP in kidney tissues was significantly blunted by cilomilast 229 

treatment. (Fig. 2f). Moreover, blood urea nitrogen (BUN) and creatinine (SCr) levels 230 

were increased significantly, whereas they decreased obviously after cilomilast 231 

treatment, suggesting that cilomilast treatment improved renal function in mice with 232 

cisplatin-induced AKI (Fig. 2g & h). Consistent with the improvement of renal 233 

function, renal PAS staining indicated that cisplatin-induced renal tubular epithelial 234 

cell necrosis, basement membrane exposure, brush border disappearance, tubular 235 

dilation, and tubular cast formation were all attenuated after cilomilast treatment (Fig. 236 

2i). Renal tubular injury scores further confirmed a significant improvement in renal 237 

pathological damage (Fig. 2j). KIM-1 and NGAL are novel markers of renal tubular 238 

injury. By qRT-PCR, we found that the levels of KIM-1 and NGAL in the cisplatin 239 

treatment group increased by 916.54-fold and 179.11-fold, respectively, while 240 

cilomilast treatment significantly inhibited the upregulation of KIM-1 and NGAL (Fig. 241 

2k & l). Western blotting further verified the downregulatory effect of cilomilast on 242 

NGAL at the protein level (Fig. 2m & n). 243 

 244 

3. Cilomilast significantly improved cisplatin-induced renal cell apoptosis and 245 
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inflammation in vivo  246 

The number of TUNEL-positive cells increased significantly in cisplatin-induced 247 

AKI kidney tissue, while cilomilast reduced the number of TUNEL-positive cells (Fig. 248 

3a). Consistent with this, the expression of the pro-apoptotic protein BAX in the renal 249 

tissue of AKI mice was also increased (mRNA and protein levels increased by 250 

6.01-fold and 6.92-fold, respectively), and cilomilast significantly inhibited the 251 

upregulation of BAX expression (Fig. 3b, c & e). At the same time, the activation of 252 

the pro-apoptotic enzyme caspase 3 was also inhibited (Fig. 3b & d). These results 253 

reveal that the PDE4 inhibitor cilomilast improved cisplatin-induced renal cell 254 

apoptosis in AKI mice. Inflammation is also an important pathological phenomenon 255 

in the process of AKI, and it plays a vital pathological role in the occurrence and 256 

development of AKI. By qRT-PCR and ELISA, we discovered that the mRNA levels 257 

of IL-1β, IL-6, TNF-α, NLRP3, MCP-1 and serum IL-6 were elevated in 258 

cisplatin-exposed kidney tissue, while cilomilast downregulated the expression of 259 

these inflammatory factors (Fig. 3f-k), suggesting that cilomilast inhibits 260 

cisplatin-induced kidney inflammation. 261 

 262 

4. Knocking down the PDE4B gene effectively attenuated cisplatin-induced 263 

renal dysfunction, renal pathological damage and renal tubular injury in vivo 264 

Next, we selectively knocked down the PDE4B gene by injecting shPDE4B into 265 

the tail vein. After 36 h, the mice were given cisplatin (intraperitoneal) to induce AKI. 266 

Seventy-two hours after treatment with cisplatin, the qRT-PCR results showed that the 267 
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expression of the PDE4B gene in the kidney tissue of mice injected with shPDE4B 268 

was decreased by 39.1% compared with that in mice injected with NC(Fig. 4a), which 269 

indicated that the PDE4B gene was effectively knocked down. In addition, BUN and 270 

SCr levels declined after PDE4B were knocked down, suggesting an improvement in 271 

renal function (Fig. 4b & c). Consistent with this, renal PAS staining also showed that 272 

tubular damage was effectively ameliorated (Fig. 4d & e). By qRT-PCR, we 273 

discovered that the knockdown of the PDE4B gene significantly inhibited the 274 

upregulation of KIM-1 and NGAL (Fig. 4f & g). Western blotting further verified the 275 

downregulation of NGAL induced by the knockdown of the PDE4B gene at the 276 

protein level (Fig. 4h & i). 277 

 278 

5. Knocking down the PDE4B gene ameliorated the pro-apoptotic effect and 279 

inflammation in mice with cisplatin-induced AKI  280 

We found that the knockdown of PDE4B effectively reduced the number of 281 

TUNEL-positive cells induced by cisplatin (Fig. 5a), and the expression of BAX, 282 

which mediates apoptosis, was also downregulated (Fig. 5b). In addition, we 283 

performed qRT-PCR to test IL-6, IL-1β, and TNF-α mRNA levels. As shown in Fig. 5, 284 

the mRNA levels of inflammatory factors were also remarkably decreased after the 285 

PDE4B gene was knocked down (Fig. 5c-e). These results indicate that the 286 

knockdown PDE4B improves apoptosis and inflammation in mice with 287 

cisplatin-induced AKI. 288 

 289 
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6. Effect of the PDE4 inhibitor cilomilast on cisplatin-induced apoptosis and 290 

inflammation in RTECs 291 

After the stimulation of RTECs with cisplatin for 24 h, we used qRT-PCR to 292 

detect PDE4 subtype expression. There were no significant differences in PDE4A and 293 

PDE4C at mRNA levels before or after stimulation with cisplatin, which was 294 

consistent with the changes observed in vivo. PDE4B increased 1.47-fold after 295 

cisplatin stimulation (Fig. 6a). However, PDE4D was not detected, probably due to its 296 

low expression level in RTECs. To observe whether the PDE4 inhibitor cilomilast can 297 

relieve the damage caused by cisplatin in vitro, we pretreated RTECs with cilomilast 298 

(5 μM) for 40 min and then induced cell injury with cisplatin (5 μg/ml). After 24 h, 299 

the cells were collected. Flow cytometry (annexin V-FITC/PI) was used to detect cell 300 

apoptosis. The results showed that the apoptosis rate in the cisplatin group was 301 

increased to 36.47% while the rate in the cilomilast group was significantly reduced to 302 

22.26% (Fig. 6b & c). Consistent with the improvement in apoptosis levels, qRT-PCR 303 

confirmed that cilomilast inhibited the upregulation of cisplatin-induced BAX mRNA 304 

levels (Fig. 6d). Furthermore, we examined the expression of inflammatory factors by 305 

qRT-PCR. The results showed that cilomilast pretreatment significantly inhibited the 306 

upregulation of the inflammatory factors IL-1β (Fig. 6e) and IL-6 (Fig. 6f) compared 307 

with that in the cisplatin group. These results indicated that cilomilast can directly 308 

improve cisplatin-induced apoptosis and inflammation in RTECs. 309 

 310 

7. Effect of PDE4B gene knockdown on cisplatin-induced apoptosis and 311 

Downloaded from www.physiology.org/journal/ajprenal at Biblio Interuniversitaire De Sante (193.051.085.197) on January 25, 2020.



 

15 
 

inflammation in RTECs 312 

To clarify the role of PDE4B in cisplatin-induced renal tubular epithelial cell 313 

injury, we transfected RTECs with empty plasmid or shPDE4B (24 h) in vitro and 314 

then collected the cells after 24 h of stimulation with cisplatin. Flow cytometry 315 

(V-PE/7-AAD) was used to detect cell apoptosis. The results showed that knocking 316 

down PDE4B effectively ameliorated cisplatin-induced apoptosis (Fig. 7a & b). By 317 

qRT-PCR, we found that, after RTECs were transfected with shPDE4B, PDE4B 318 

expression decreased by 32.5% and cisplatin-induced PDE4B mRNA upregulation 319 

was also completely reversed (Fig. 7c). qRT-PCR results also confirmed that BAX 320 

upregulation was inhibited after PDE4B knockdown, and the downregulation of the 321 

anti-apoptotic factor Bcl-2 was partially reversed (Fig. 7d & e). These results indicate 322 

that the knockdown of PDE4B attenuates cisplatin-induced RTEC apoptosis. In 323 

addition, we used qRT-PCR to examine TNF-α, IL-6, and IL-1β levels and found that 324 

the knockdown of the PDE4B gene effectively improved cisplatin-induced RTEC 325 

inflammation (Fig. 7f-h). 326 

 327 

8. Cilomilast increased the expression of Sirt1 and upregulated the 328 

phosphorylation of AKT after cisplatin administration in vivo 329 

Phosphodiesterase-4 inhibitor confers neuroprotective effects through the 330 

Sirt1/AKT pathway (20) . And Sirt1 is closely involved in renal physiology and 331 

pathology (9) . We performed Western blotting to detect the expression of Sirt1. As 332 

shown in Fig. 8a-d, Sirt1 expression was remarkably downregulated in the cisplatin 333 
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group, while cilomilast administration significantly upregulated Sirt1 expression. In 334 

addition, we also observed the expression of AKT and its upstream protein molecule 335 

PI3K. The results illustrated that cilomilast rescued the phosphorylation of AKT and 336 

blunted the reduction of PI3K to some extent. 337 

 338 

DISCUSSION 339 

The main pathological manifestation of cisplatin-induced AKI is proximal tubular 340 

injury accompanied by oxidative stress, inflammation, apoptosis and renal vascular 341 

injury (25) . Until now, there has been no effective means for specifically preventing 342 

cisplatin-induced AKI. 343 

As an important second messenger molecule in the cell, cAMP can further activate 344 

its downstream signaling pathway to exert its physiological functions. PDE4 can 345 

specifically hydrolyse cAMP, thereby affecting DNA repair and cell differentiation. 346 

PDE4 is also a therapeutic target for many inflammatory diseases, including asthma, 347 

COPD, inflammatory bowel disease (Crohn's disease, etc.), psoriasis, nervous system 348 

inflammation (Alzheimer's disease, depression, multiple sclerosis, etc.) and 349 

rheumatoid arthritis(19) .  350 

PDE4 inhibitors have been shown to have potential therapeutic effects in a 351 

number of diseases. In neurological diseases, PDE4 inhibitors can attenuate neuronal 352 

apoptosis in early brain injury (20) . Kosutova found that, in acute lung injury, the 353 

inhibition of PDE4 inhibits apoptosis of lung epithelial cells, decreases caspase-3 354 

activation, and decreases the number of caspase-3-positive cells in lung tissue(17) . In 355 
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our study, a PDE4 inhibitor significantly improved cisplatin-induced renal 356 

dysfunction, renal pathological damage, acute tubular injury, apoptosis, and the 357 

inflammatory response, suggesting that the upregulation and activation of PDE4 may 358 

be involved in the occurrence and development of AKI. 359 

PDE4 has four subtypes. Researchers found that PDE4A and PDE4B expression 360 

increases while PDE4C and PDE4D expression shows no obvious change in a renal 361 

fibrosis model(6). According to our results, PDE4B expression was upregulated in the 362 

kidneys of cisplatin-induced AKI mice, while the protein levels of other PDE4 363 

subtypes were downregulated. The expression of PDE4 subtypes is not completely 364 

consistent under different disease states and models(12) . They may also be related to 365 

the different functions performed by each subtype in different diseases(34). 366 

Researchers found that the expression of PDE4D mRNA does not always correlate 367 

with the pattern of protein expression(32). Some researchers also found that another 368 

member of PDE family, PDE5, has three conformational forms, and band 2 PDE5 369 

could be converted to band 3 PDE5 by PDE5-specific inhibitors(4). However, 370 

whether a similar conversion also exists in PDE4 subtypes needs further investigation.  371 

Researchers have found that, in mouse peritoneal macrophages, the expression of 372 

PDE4A, PDE4B, and PDE4D is upregulated after stimulation with LPS but that the 373 

increase in PDE4B is most significant(13) ; The expression of the other two subtypes 374 

is not affected by the knockdown one subtype, which indicates that the three subtypes 375 

may be functionally independent and do not overlap each other. Further studies have  376 

found that LPS-induced TNF-α expression is only reduced in PDE4B knockout mice 377 
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among PDE4 subtype knockout mice, suggesting a unique role for PDE4B in 378 

inflammation(13) . Considering the important role of PDE4B in the inflammatory 379 

process and its consistent upregulation in AKI and CKD, we specifically silenced the 380 

PDE4B gene in vivo and observed its role in cisplatin-induced AKI. 381 

Consistent with the results of intervention with the inhibitor, we found that after, 382 

knocking down PDE4B, cisplatin-induced renal damage was improved significantly, 383 

and the upregulation of the inflammatory factors TNF-α, IL-6, and IL-1β was almost 384 

completely reversed. This suggests that this intervention may protect the kidneys by 385 

antagonizing the effects of inflammation. Consistent with our findings, PDE4B 386 

knockout (PDE4B-/- mice) and PDE4 inhibitor roliplam, significantly alleviate 387 

alcohol-related neuroinflammation(1) , and PDE4B is considered an effective target 388 

for treating nervous system inflammation(29) . Researchers have designed a drug that 389 

specifically inhibits PDE4B and found that it can improve the inflammatory response 390 

in inflammatory diseases of the skin(30) , but the role of the drug in other 391 

inflammatory diseases and its potential for clinical application requires further 392 

research and observation. 393 

The renal protection confirmed in vivo is the result of systemic intervention and 394 

lacks cell or tissue specificity. It may be the result of interventions on renal cell 395 

PDE4/PDE4B, or it may be due to the secondary effects of the inhibition of other cells 396 

that express PDE4/PDE4B, such as immune cells and vascular cells. AKI is often 397 

considered to be the result of multiple factors and is characterized by the death of 398 

renal tubular epithelial cells (RTECs). The protection of renal tubular epithelial cells 399 

Downloaded from www.physiology.org/journal/ajprenal at Biblio Interuniversitaire De Sante (193.051.085.197) on January 25, 2020.



 

19 
 

plays an important role in the prevention and treatment of AKI. 400 

Our in vitro results demonstrate that PDE4 inhibitors have a significant protective 401 

effect against cisplatin-induced RTEC injury. We found that, after the PDE4B gene   402 

was knocked down, cisplatin-induced apoptosis and inflammation in tubular epithelial 403 

cells were also improved. Therefore, we speculated that the specific inhibition of 404 

PDE4/PDE4B in renal tubular epithelial cells may be an effective strategy for 405 

prevention and treatment of AKI.A large number of studies have also shown that 406 

immune cell activation and vascular cell damage, in addition to renal tubular 407 

epithelial cells, are involved in the occurrence and development of AKI. T 408 

lymphocytes, especially CD4+ T cells, are one of the important cell types involved in 409 

renal ischemia-reperfusion injury (IRI), and CD4+ T cell-deficient mice show milder 410 

kidney damage after IRI(3, 31) . Perivascular capillary (PTC) endothelial damage can 411 

also aggravate the extent of kidney damage and lead to local renal hypoxia after 412 

IRI(18, 28) . In future studies, it is necessary to specifically knock-down PDE4B in 413 

renal tubular cells, immune cells or vascular endothelial cells, and observe the role of 414 

PDE4B in renal damage induced by cisplatin in different cells. 415 

The mechanism by which PDE4 inhibitors attenuate cisplatin-induced AKI is not 416 

well understood. Some reports have suggested that inhibiting PDE4 activity and 417 

inducing cAMP signaling can increase Sirt1 activity to protect cells(27) . An 418 

impressive number of scientific experiments have indicated that Sirt1 plays an 419 

important role in preventing acute kidney injury(9). Overexpressing Sirt1 in proximal 420 

tubules can rescue cisplatin-induced AKI by maintaining peroxisome number and 421 

Downloaded from www.physiology.org/journal/ajprenal at Biblio Interuniversitaire De Sante (193.051.085.197) on January 25, 2020.



 

20 
 

function, concomitantly upregulating catalase, and eliminating renal ROS(10) . Sirt1 422 

regulates gene expression through the deacetylation of histones and non-histones at 423 

the transcriptional and post-transcriptional levels. Phosphatidylinositol-3-kinase 424 

(PI3K) is a lipid kinase, that generates phosphatidylinositol-3,4,5-trisphosphate (PI(3, 425 

4, 5)P3).PI(3, 4, 5)P3 is a second messenger essential for the translocation of AKT to 426 

the plasma membrane, where it is phosphorylated and activated by 427 

phosphoinositide-dependent kinase 1 (PDK 1) and PDK2. The activation of AKT 428 

plays a vital role in fundamental cellular functions such as cell survival and 429 

proliferation by phosphorylating a variety of substrates(24) . Researchers have also 430 

found that Sirt1 deacetylation enhances the binding of AKT and PDK1 to PIP3 and 431 

promotes their activation(38) . Our results showed that Sirt1, PI3K and pAKT protein 432 

expression increases after cilomilast treatment and that the renal function is well 433 

protected. PDE4 inhibitors activate Sirt1 expression, increase AKT phosphorylation, 434 

and attenuate apoptosis in injured neurons(20). In LPS-induced AKI, the activation of 435 

Sirt1 inhibits the NF-κB signaling pathway, thereby attenuating renal 436 

inflammation(41) . Studies have also verified that the PI3K-Akt signaling pathway, is 437 

required for the induction of Sirt1 expression by endoplasmic reticulum stress(16) .In 438 

our experiments, the activation of Sirt1 by a PDE4 inhibitor may have directly 439 

activated the PI3K/AKT signaling pathway, or it may have been a secondary outcome 440 

of treatment with the PDE4 inhibitor; the mechanism needs to be further clarified in 441 

future studies. 442 

 443 
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 564 

 565 
 566 

FIGURE LEGENDS 567 

Fig. 1. Expression changes of different PDE4 subtypes in the kidneys of mice 568 

with cisplatin-induced AKI (sham=6, cisplatin=8). (a) qRT-PCR analysis of the 569 

expression of the PDE4 subtypes; (b) Western blotting analysis of the expression of 570 

PDE4 subtypes. (c) Densitometry of the Western blotting in b. (d) 571 

Immunohistochemical detection of PDE4B expression (magnification: 200 ×). 572 

 573 

Fig. 2. Effect of the PDE4 inhibitor cilomilast on cisplatin-induced renal function, 574 

renal pathology and renal tubular injury in vivo (sham=6, cisplatin=8, cilo + 575 

cisplatin=8). (a) Western blotting analysis of PDE4 expression. (b-e) Densitometry of 576 

the Western blotting in a. (f) cAMP of kidney tissue was detected by ELISA. (g) 577 

Blood urea nitrogen levels. (h) Serum creatinine levels. (i) Renal tissue PAS staining. 578 

(j) Renal tubular injury score. (k) qRT-PCR analysis of KIM-1 expression. (l) 579 

qRT-PCR analysis of NGAL expression. (m) Western blotting analysis of NGAL 580 

expression. (n) Densitometry of the Western blotting in m. *, p＜0.05, **, p<0.01 ***, 581 

p<0.001. 582 

 583 

Fig. 3. Effect of the PDE4 inhibitor cilomilast on cisplatin-induced apoptosis and 584 
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inflammation in vivo (sham=6, cisplatin=8, cilo + cisplatin=8). (a) Laser confocal 585 

observation of TUNEL staining in renal tissue (magnification 630×). (b) Western 586 

blotting analysis of BAX, caspase-3, and cleaved-caspase-3 expression. (c & d) 587 

Densitometry of the Western blotting in b. (e) qRT-PCR analysis of BAX expression.  588 

(f-j) qRT-PCR was used to detect the expression of IL-6, IL-1β, TNF-α, MCP-1 and 589 

NLRP3 in kidney tissue. (k) ELISA was used to detect serum IL-6. *, p<0.05; **, p < 590 

0.01; ***, p < 0.001. 591 

 592 

Fig. 4. Effect of knocking down PDE4B on cisplatin-induced renal function, renal 593 

pathology and renal tubular injury in vivo (n=6 in each group). (a) qRT-PCR 594 

analysis of PDE4B expression in kidney tissue after the injection of shPDE4B into 595 

mice. (b) Blood urea nitrogen levels. (c) Blood creatinine levels. (d) Renal tissue PAS 596 

staining. (e) Renal tubular injury score. (f) qRT-PCR analysis of KIM-1 expression. (g) 597 

qRT-PCR analysis of NGAL expression. (h) Western blotting analysis of NGAL 598 

expression. (i) Densitometry of the Western blotting in h; *, p<0.05; **, p < 0.01; ***, 599 

p<0.001. 600 

 601 

Fig. 5. Effect of PDE4B knockdown on cisplatin-induced apoptosis and 602 

inflammation in vivo (n=6 in each group). (a) Laser confocal observation of TUNEL 603 

staining in renal tissue (magnification: 630 ×). (b) qRT-PCR analysis of BAX 604 

expression. (c-e) qRT-PCR analysis of IL-6, IL-1β, and TNF-α expression. p < 0.05; 605 

**, p < 0.01; ***, p < 0.001. 606 
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 607 

Fig. 6. Effect of the PDE4 inhibitor cilomilast on cisplatin-induced apoptosis and 608 

inflammation in RTECs (n=3 in each group). (a) qRT-PCR analysis of the 609 

expression of each subtype of PDE4; PDE4D was not detected. (b & c) Flow 610 

cytometry was used to detect apoptosis. (d) qRT-PCR was used to detect BAX 611 

expression. (e-g) qRT-PCR was used to detect IL-1β, IL-6 and TNF-α expression. p < 612 

0.05; **, p < 0.01, ***, p < 0.001. 613 

 614 

Fig. 7. Effect of PDE4B knockdown on cisplatin-induced RTEC apoptosis and 615 

inflammation (n=3 in each group). (a & b) Flow cytometry was used to detect 616 

apoptosis. (c) qRT-PCR analysis of PDE4B expression. (d & e) qRT-PCR analysis of 617 

BAX and Bcl-2 expression. (f-h) qRT-PCR analysis of TNF-α, IL-6, IL-1β expression. 618 

*, p< 0.05; **, p < 0.01, ***, p < 0.001. 619 

 620 

Fig. 8. Effects of cilomilast on the phosphorylation of AKT and the expression of 621 

Sirt1 (n=3 in each group). (a)Western blotting analysis of Sirt1, PI3K, p-AKT, AKT 622 

expression. (b-d) Densitometry of the Western blotting in a. *, p< 0.05; **, p < 0.01, 623 

***, p < 0.001. 624 

 625 

 626 

 627 

 628 
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 629 

Table 1. Sequences of the primers for qRT-PCR. 630 

Gene Primer Sequence (5′-3′)   

PDE4A F:  CGATGAAGCCCACCTGAGACT 

R:  CCCTGGAGCTGTACCGACAAT 

PDE4B F:  GTCCCTCAGAATCCTCTTCCTCAA 

R:  TATGATACCCCAGAGCCCTTCC 

PDE4C F:  GCTGCCTGTTGACTGCTGTGC 

R:  ACATGATTGTCACGCCCTTCG 

PDE4D F:  CTCCTCTGTGATGGTGGCTTT 

R:  ACTTGATTGTGACCCCGTTTG 

IL-1β F:  TGTGTTTTCCTCCTTGCCTCTGAT 

R:  TGCTGCCTAATGTCCCCTTGAAT   

IL-6 F:  TCACAGAAGGAGTGGCTAAGGACC 

R:  ACGCACTAGGTTTGCCGAGTAGAT 

TNF-α F:  CAGACCCTCACACTCACAAACCAC 

R:  CCTTGTCCCTTGAAGAGAACCTG 

MCP-1 F:  GTGCTGACCCCAAGAAGGAATG 

R:  TGAGGTGGTTGTGGAAAAGGTAGTG 

NLRP-3 F:  GTCTGGAAGAACAGGCAACAT 

R:  AGAACTGTCATAGGGTCAAAACG 

BAX F:  AAAGTAGAAGAGGGCAACCAC 

R:  CCAGGATGCGTCCACCAA 

Bcl-2 F:  AGGCTGGAAGGAGAAGAT 

R:  CGGGAGAACAGGGTATGA 

KIM-1 F:  GTTGTACCGACTGCTCTT 

R:  CGCTGTGGATTCTTATGT 

NGAL F:  ACACTCACCACCCATTCA 

R:  CACCACGGACTACAACCA 
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 631 

 632 

GAPDH F:  AAGAAGGTGGTGAAGCAGG 

R:  GAAGGTGGAAGAGTGGGAGT 
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